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 ABSTRACT  
Increasing productivity, reducing cost, reducing soil damage, reducing the impact of harvesting on standing 
tree and regeneration are all very important objectives in ground skidding system in the management of the 
Hyrcanian forest. The research carried out to obtain these objectives included four logging methods, tree length 
method (TLM), long length method (LLM), short length method (SLM), and wood extraction by mule (mule) in 
northern Iran. In order to determine the cost per unit, time study techniques were used for each harvesting 
method, time study data are shifted to logarithmic data based on 10. On the basis of the developed models 
simulated, 11 skidding turns are simulated and the unit cost are estimated depending on the diameter of the log 
(DL), skidding distance (SD), and the winching distance (WD) for 11 different cycles with TLM, LLM and 
SLM. The results showed that on average, the net costs per extraction of one cubic meter of wood were 3.06, 
5.69, 6.81 and 34.36 €/m3 in TLM, LLM, SLM and mule. The costs depending on diameter of log (DL), 
skidding distance (SD) and winching distance (WD) showed that the most economical alternative for Northern 
Iran is TLM. In the cut-to-length system, the costs of both alternatives LLM, SLM were significantly dependent 
on DL. ,  thus the result of this study suggests that as long as the diameter of the felled trees is less than 40 cm, 
the cut-to-length system is not an economical alternative, whilst the cut-to-length method can be applied for trees 
with a diameter more than 40 cm. Where diameters are more than 40 cm TLM it is more economical than SLM, 
however it was not significantly different. Depending on SD in short skidding distance SLM is preferable to 
LLM but in cases of long skidding distance LLM is more economical than SLM. The winching distance affect 
was not a factor on cost.  
To assess the damage on seedlings and standing trees a 100% inventory method was employed in pre-
hauling and post-hauling, alongside of skidding trails, winching strips and mule hauling with a 12m width. To 
chose the best alternative depending on standing damage the Analysis of multiple criterial approval (MA) was 
applied. The amount of trees damaged by winching operation were 11.89% in TLM, 14.44% in LLM 27.59%, 
SLM and 0 stem and by skidding operation were 16.73%, 3.13% and 8.78% of total trees in TLM, LLM and 
SLM. In the winching area about 14%, 20%, 21% and 6 % of the total regeneration was damaged by TLM, 
LLM, SLM and mule and the skidding operation damaged 7.5% in TLM, 7.4 % LLM and 9.4% in SLM. The 
friendliest alternative to residual standing was mule but in manual method (where the wood extraction is done by 
skidder) MA showed that the best alternative depending on residual damage is LLM.  
To determine the degree of soil compaction a core sampling technique of bulk density was used. Soil samples 
collected from the horizontal face of a soil pit at 10 cm depth soil core, at 50m intervals on skid trials, in 
winching strips and control are (no vehicles pass) a soil sample was taken at 10m intervals in the hauling 
direction of the mule. In order to determine the post-harvesting extent of disturbance on skidding trails by 
skidding operations, the disturbed widths were measured at 50 m intervals along the skid trails. In the winching 
area, where the winched logs created a streak of displaced soil, the width of the displaced streak was measured at 
5 m interval along the winching strip. In mule hauling operations the width of a streak created by a mule foot 
track was measured at 10 m intervals. 
To compare increased average bulk density between alternatives one way The ANOVA, Duncan test and 
Dunnett t-test with a 95 % confidence level were used. A General linear model was applied to relate the 
increasing bulk density and the slope gradient. To realize the correlation between the increment of soil bulk 
density and the slope gradient and the correlation between the soil compaction and soil moisture content (%) The 
Pearson correlation test was applied. To choose the best alternative (in manual method) a MA test was applied 
again. The bulk density on the skidding trail increased 51 % for 30 skidding turn, 35 % for 31 skidding turn (one 
unloaded and one loaded pass) and 46% for 41 skidding turn.  Results of ANOVA (p < 0.05) show significant 
differences of bulk density between alternatives. Duncan test and the Dunnett t-test indicated that the increasing 
soil bulk density was not significant between control samples and winching strip of TLM and extraction by mule 
samples. The general linear modeling and Pearson correlation test results indicated that the slope gradient had an 
insignificant effect on soil compaction, whilst the Pearson test indicates a medium negative correlation between 
soil compaction and percentage of soil moisture. By ground-based winching operation 0.07%, 0.03%, 0.05% and 
0.002% of the total area and by ground based skidding operation 1.21%, 1.67%, 0.81% and 0.00% of total area 
was disturbed and compacted in TLM, LLM, SLM and mule. The Pearson correlation results show that the width 
of disturbed area was significantly influenced by the diameter of logs and length of logs (p ˂ 0.05), but there is 
no significant correlation between soil disturbance width and slope. The results of analysis of MA showed that 
soil compaction was not related to logging method but sensitivity analysis of MA shows that LLM and TLM are 
both preferable to SLM. 
 
 
 
Keywords:  tree length method (TLM), long length method (LLM), short length method (LLM), mule, skidding 
unit cost, standing damage, soil damage, Iran. 
 
  
4 
 
ACKNOWLEDGEMENT 
I would like to acknowledge my major supervisor Prof. Jörn Erler for his all support and 
academical guidance and encouragement. His valuable support and advice were imperative to 
the completion of this dissertation. I specifically want to thank Professor Erler wife dear Ms. 
Annaluise Erler, Dr. Reinhard Nimz (forest technology institute) and Mr. Mohammad Pirsoufi 
(TU Dresden) for their helps throughout the study period. 
     I am grateful to Dr. Seyed Ata Olah Hosseini (associate professor of Sari Agriculture and 
Natural Resource University), for his valuable help to data collection. I wish to thank 
managers of Wood Industry of Farim, Mr. Ehteshamzadeh, Mr. Gholinejad, Mr. Mohammadi, 
Mr. Kazemi, Mr. Rezaei, Mr. Rahimi, Mr, Gholipoure and Mr. Hamidi for their helps and 
allocation of my project on their harvesting operations. I also wish to specifically thank Mr. 
Rezaei and the persons who were helping me to collect field data. Thanks to Manuel Wächter 
(TU Dresden) for his helps to prepared my dissertation. 
 
 
 
  
5 
 
CONTENTS 
 
 
ABSTRACT .............................................................................................................................. 3 
ACKNOWLEDGEMENTS ..................................................................................................... 4 
 LISTS OF NOTATION AND ABBREVIATION ................................................................ 8 
1. INTRUDUCTION ................................................................................................................ 9 
   1.1. Overview about Iranian forestry and harvesting methods ............................................... 9  
   1.2. General view about Time study  .................................................................................... 10 
   1 .3. Literature review ........................................................................................................... 11 
   1.3.1. Literature review of cost and productivity .................................................................. 11 
   1.3.2. Literature review of residual damage .......................................................................... 15 
   1.3.3. Literature review of soil damage ................................................................................. 17 
   1.4. Objectives of the study  .................................................................................................. 20 
2. MATERIAL AND RESEARCH METHODOLOGY ..................................................... 21 
   2.1. Site description ............................................................................................................... 21 
   2.2. Data collection ................................................................................................................ 22 
   2.2.1. Time study ................................................................................................................... 22 
      2.2.1.1. Time study performance to logging operation by skidder .................................... 22 
      2.2.1.2. Time study performance to timber extraction by animal (Mule) .......................... 24 
   2.2.2. Require sample ............................................................................................................ 25 
   2.2.3. Data analysis to estimate productivity rates and cost .................................................. 25 
      2.2.3.1. Time study analysis by logarithmic data ............................................................... 25 
      2.2.3.2. Calculate production and cost of extraction by skidder ........................................ 29 
      2.2.3.2.1. System cost ......................................................................................................... 29  
      2.2.3.2.2. Unit cost ............................................................................................................. 29 
      2.2.3.2.3. Delay time to prediction model .......................................................................... 30 
      2.2.3.2.4. Cost depending on diameter of log (DL) ........................................................... 30 
      2.2.3.2.5. Evaluated cost depending on skidding distance (SD) ........................................ 34 
      2.2.3.2.6. Evaluated cost depending on winching distance (WD) ..................................... 36 
      2.2.3.3. Cost of wood extraction by animal (Mule) ........................................................... 38 
   2.2.4. Residual damage ......................................................................................................... 38 
      2.2.4.1. Per- harvest ............................................................................................................ 38 
      2.2.4.2. Post- harvest .......................................................................................................... 39 
      2.2.4.3. Multiplecriteria Approval (MA) ............................................................................ 40 
      2.2.4.3.1. Analysis of MA .................................................................................................. 41 
      2.2.4.3.2. Sensitivity analysis of MA ................................................................................. 41 
   2.2.5. Soil damage ................................................................................................................. 41 
6 
 
      2.2.5.1. Soil compaction ..................................................................................................... 41 
      2.2.5.2. Soil disturbance ..................................................................................................... 43 
      2.2.5.3. Soil Statistical analysis .......................................................................................... 43 
      2.2.5.3.1. One-Sample Kolmogorov-Smirnov Test ........................................................... 43 
      2.2.5.3.2. Analysis of variance (ANOVA) ......................................................................... 43 
      2.2.5.3.3. Soil compaction and slope gradient ................................................................... 44 
      2.2.5.3.4. Soil disturbance analysis .................................................................................... 44 
     2.2.5.4. Multiplecriteria Approval (MA) ............................................................................. 44 
     2.2.5.4.1. Analysis of MA ................................................................................................... 44 
     2.2.5.4.2. Sensitivity analysis of MA .................................................................................. 44 
3. RESULT .............................................................................................................................. 45 
   3.1. Statistical arithmetic mean and logarithmical mean ...................................................... 45 
   3.2. Require sample ............................................................................................................... 45 
   3.3. Time consumption .......................................................................................................... 45 
      3.3.1. Delay time in prediction model ................................................................................ 45 
      3.3.2. TLM time consumption ............................................................................................ 46 
      3.3.3. LLM time consumption ............................................................................................ 47 
      3.3.4. SLM time consumption ............................................................................................ 47 
      3.3.5. Mule time consumption ............................................................................................ 48 
   3.4. Cost ................................................................................................................................. 49 
      3.4.1. System cost ............................................................................................................... 49 
      3.4.2. Unit Cost .................................................................................................................. 51 
      3.4. 2.1. Logarithmic time prediction model for simulate 11 skidding cycles ................... 51 
      3.4.2.2. Unit net cost depending on diameter of log (DL) ................................................. 52 
      3.4.2.3. Unit net cost depend on skidding distance (SD) ................................................... 53 
      3.4.2.4. Unit net cost depending on winching distance (WD) ........................................... 54 
      3.4.2.4. Cost for extraction of wood by mule ..................................................................... 55 
   3.5. Residual damage ............................................................................................................ 55 
      3.5.1. Pre-harvesting and post-harvesting tree inventory on winching strips .................... 55 
      3.5.2. Pre-harvesting and post-harvesting tree inventory alongside of skidding trails ...... 56 
      3.5.3. Location and degree of damage ............................................................................... 56 
      3.5.3.1. Location and degree of damage in TLM ............................................................... 56 
      3.5.3.2. Location and degree of damage in LLM ............................................................... 57 
      3.5.3.3. Location and degree of damage in SLM ............................................................... 57 
      3.5.4. Pre-harvesting and post-harvesting regeneration inventory on winching strips ...... 58 
      3.5.5. Pre-harvesting and post-harvesting regeneration inventory alongside of skidding 
trails .......................................................................................................................................... 60 
      3.5.6. Statistical analysis .................................................................................................... 62 
7 
 
      3.5.7. Multiple criteria approval (MA) ............................................................................... 63 
      3.5.7.1. Analysis of MA ..................................................................................................... 63 
      3.5.7.2.Sensitivity analysis of MA ..................................................................................... 64 
   3.6. Soil damage .................................................................................................................... 64 
      3.6.1. Soil compaction ........................................................................................................ 64 
      3.6.1.1. Soil compaction statistic analysis .......................................................................... 65 
      3.6.2. Soil disturbance ........................................................................................................ 67 
      3.6.2.1. Soil disturbance statistic analysis .......................................................................... 68 
      3.6.3. Multiple criteria approval (MA) ............................................................................... 68 
      3.6.3.1. Analysis of MA ..................................................................................................... 68 
      3.6.3.2. Sensitivity analysis of MA .................................................................................... 69 
4. DISCUSSION ..................................................................................................................... 70 
   4.1. Productivity and Cost ..................................................................................................... 70 
   4.2. Residual damage ............................................................................................................ 72 
   4.3. Soil damage .................................................................................................................... 74 
5. CONCLUSIONS................................................................................................................. 76 
6. Reference ............................................................................................................................. 77 
 
  
8 
 
LISTS OF NOTATION AND ABBREVIATION  
TLM  Tree Length Method  
LLM  Long Length Method  
SLM  Short Length Method  
CTL  Cut-To-Length  
WT  Whole Tree 
Ŷ  time consumption by model (minute) 
SD  skidding distance  
NL  number of log 
LL  length of log 
DL  Diameter of log 
WD  winching distance  
LD  loading distance 
SL  slope 
LD  hauling distance in mule  
Eq.  equation  
km  kilometer 
m  meter 
mm  millimeter 
ha  hectare  
m
3
         cubic meter 
m
2
         square meter 
Max maximum 
Min minimum  
$ Dollar  
€ Euro  
9 
 
1. INTRUDUCTION 
1.1. Overview about Iranian forestry and harvesting methods  
Iranian forest area is approximately 12.4 million hectares which makes only 7.3% of the 
total area of Iran (FAO 2005). The Hyrcanian forests with 1.8 million hectares are the only 
commercial forests which are located in the north of Iran and cover the north facing slopes of 
the Alborz Mountain on the south coast of the Caspian Sea. These forest are basically an 
essential source of genetic variation, biodiversity, and various environmental services (e.g. 
ground water reservation, wildlife habitation, and erosion control) (Marvie Mohajer. 2005). 
Today, these forests are in a serious peril, studies of Aerial photography and remote sensing 
showed decrease of one third of these forests in the three decade (30 years). Principle cause of 
increase in progressing number of flood has been forest destruction (whereas, there have been 
decrease in amount of rainfall). Reasons for these forests disturbance and degradation have 
been customary agriculture and animal husbandry, nomadic life, fuel wood, harvesting and 
enormous, illegal and unpermission exploitation but principle reason has been heavy and 
inappropriate commercial exploitation of forest stands. The Forest policies and plans keep a 
track record of around 40 years for these forests but there have not been any actions 
undertaken for optimization forest technology and no attention has been focused towards 
solving forest harvesting problems (Yakhkeshi, 2002).  
The Hyrcanian zone is a humid zone in the north of Iran. The average annual rainfall 
ranges between 530 mm in the east and 1350 mm in the west which reaches up to an 
occasional record of 2000 mm. Based on the climatic data from meteorological stations, the 
maximum annual rainfall is experienced during spring and late fall and winter. Relative 
humidity is also constantly high with an average value fluctuating from 74.6% in the east to 
84.6% in the west, rarely dropping below 60% in the hottest hours. Thus, the region could be 
considered as one of the world’s ever-wet areas. Humidity rise at the highest temperatures 
results in the saturation of air due to the lowest temperature fall and subsequently cloud 
formation in the afternoons especially on the northern slopes. Research has indicated the 
lowest evaporation rate amongst different stands to come from Buxus sp. and Pterocarya sp. 
amounting to be 0.5 mm/hr at the height of 1.5 m above ground level. According to the 
climatic data from meteorological stations, the average annual temperature in the Hyrcanian 
region has varied from 15° C in the west to 17.5° C in the east over the past decade 
(Jougholami and Majnonian. 2011).  
In forestry system of Iran, every forest area is subdivided to watershed, compartment and 
parcels. Average surface area for compartment and parcel is 1000 and 50 ha, respectively. 
Mainly parcels are used to organize and administer planning and operations. Natural barriers 
such as streams, swamps, ridge tops or excessively steep slopes determine the shape and size 
of the parcel. Sometimes artificial barriers such as roads separate parcels from each other. The 
planned locations of roads and skid trails are flagged or marked on existing trees after felling 
operation (directional felling is not performing in Iran). Successful skid trail planning must 
look beyond the artificial administrative boundaries within the approved annual logging area. 
Planning of skid trails affect the extraction of woods, and it is one of the most important 
processes in logging. Before extraction begins, the skid trails are opened by chain saw 
operator and constructed by bulldozer operator according to the route planned or marked. All 
trees within the skid trail with a diameter greater than 15 cm are cut by chain saw operator 
before the bulldozer passes and the rest of trees are rooted off by bulldozer (Mosavi, 2008). 
Timber harvesting is the integration of all operations related to cutting of trees and the 
extraction of merchantable wood for subsequent processing into industrial products. In the 
contemporary sense, consideration must also be given to the importance of the forest as a 
source of non-wood forest products and environmental services, as well as its role in the 
conservation of biological diversity and cultural values. Timber harvesting operations must 
therefore be planned in such a way as to accommodate, and where possible enhance these 
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multifunctional characteristics of the forests (Owende et al, 2002). Currently, about 55% of 
the world's wood harvest is performed manually with a chainsaw while the remaining 45% is 
harvested mechanically (Adebayo, 2006). Almost 80% of harvesting activities are 
mechanized in many developed countries (Demir, 2010). ‘Of the mechanically harvested 
portion, about 65% is harvested using the whole-tree (WT) harvesting system and the 
remaining 35% using the cut-to-length (CTL) harvesting system (Adebayo, 2006). CTL 
harvesting involves two sequential operations, carried out by a “harvester” and a “forwarder”. 
The harvester is a large self-propelled machine (weighing 12 to 25 t) that fells the tree, de-
limbs it, and cuts it into pre-determined lengths for subsequent collection by the forwarder. 
The forwarder moves along trails through the forest to collect the logs left by the harvester. 
The forwarder has its own loading crane and typically holds a payload of 5 to 12 tons (gross 
vehicle weight ca. 25 t) (Owende et al, 2002). A typical mechanized WT harvesting system 
often includes four machines; feller-buncher, skidder, loader, and processor. The feller-
buncher falls and collects trees while the skidder drags a bunch of trees to the landing. At the 
landing, these trees are processed by a processor into logs which are loaded on the truck using 
a loader (Adebayo, 2006). 
Timber harvesting in Iran is still carried out by manual methods (non-mechanized) in 
manual harvesting operation, felling is done with a chainsaw and skidding with ground-based 
cable skidders. Limited financial capacity and high costs of highly efficient multi-operational 
machinery limits the use of special machines for harvesting in Iranian mountain forests, 
therefore, forest companies use the same ground-based machines and equipments for 
extracting wood. Rubber-tired skidders such as Timberjack C-450 and TAF E655 are the most 
commonly used logging equipment (Mousavi et al, 2013). 
There are two types of harvesting methods in Iran: cut-to-length method and tree length 
method (TLM). Cut-to-length method is practiced on different lengths of log which is 
classified as short length method (SLM) and long length method (LLM). In steep terrain that 
is not accessible by ground-based machines, felled trees are processed to pulpwood or saw- 
lumber and then hauled by mules. Two decades ago, shelterwood system was replaced by a 
close to nature silvicultural system; the main goal of this system is to provide the mixed and 
uneven-aged stand. Selection cutting does not have any visual impact on landscapes because 
only some of the trees are removed and release space for young trees to grow. Marked trees 
are felled, limbed and topped motor-manually. Fallen trees are bucked and processed with 
chainsaws into logs, sawn-lumber and pulpwood. The logs are extracted by wheeled cable 
skidders to the roadside landings. The fuel wood is extracted by mules (Sarikhani, 2001). 
About 40% of the Hyrcanian forests are located in steep areas (slope gradient˃30%) 
(Lotfalian, 2012), where forest lands are not readily accessible with ground-based logging 
equipments, and cable yarding technologies are still not developed (Jougholami and 
Majnonian. 2011).  
In forest management plans, the logging phase plays an important role due to its high costs 
and impact on the forest stands. To minimize the cost of harvesting and decrease the 
harvesting impact, the first step is to choose a suitable logging system. There are different 
factors influencing the logging systems such as stand characteristics, topography, soil 
condition, silvicultural treatments, costs, technology availability and social interests 
(Ghaffarian, 2003). Nowadays, most environmentalists believe that inappropriate utilization 
of the land is the major reason for destruction of the environment and decrease of natural 
resources, especially in non-developed and developing countries (Ghaffarian, 2008). 
 
1.2. General view about Time study: 
Time studies are the most common work measurement method. One important aim of work 
studies is to measure the working time and the amount of work done; thus time study is a tool 
used for work study. As Harstela (1991) has defined, work studies in general could include all 
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kinds of studies concerning human beings at work, other factors of production or working 
conditions. The purpose of work studies is to conduct the investigation of all factors which 
affect the efficiency and economy of the situation being reviewed, in order to facilitate 
improvement. In forestry works, time studies have been used to determine piece rates and to 
rationalize production (Nuutinen et al, 2008). The time consumption and productivity of 
harvesting are dependent on stand conditions, the operators’ skills, working techniques and 
the characteristics of the forestry machinery (Nurminen et al, 2006). 
‘In the Nordic countries in the 1970s, studies of the harvester’s work cycle have relied on 
the time study method. Since then, these studies have expanded from the testing of new 
models to determining the influence of the operating environment, the operational efficiency 
of the integration of harvesting with downstream processes such as forwarding harvesting 
chains, operator skills, and the dynamics of human-machine systems. Research methodologies 
have evolved greatly since the introduction of these machines. In the 1970s and 1980s, time 
studies were mainly conducted using digital watches. In the mid-1980s, field computers 
started to replace digital watches and paper forms in time studies because they provided 
opportunities for measuring the time elements of a work cycle in more detail and more 
accurately. During the 1990s, numerous time studies of harvesters were conducted using 
handheld field computers and these devices remained essential even during 2000s. Since the 
1990s, digital video cameras have been used to record harvester performance and working 
techniques. In the 2000s, it became possible to collect time study data automatically using 
harvester’s computer connected to channels such as the controller-area network (CAN) 
hardware. The automated time study methods used for monitoring the performance of 
harvesters in cut-to-length systems have also been used to monitor tree-length harvesting 
systems’ (Palander et al. 2013). 
Time study is an important research tool used in comparing productivity of forest 
harvesting systems across varying conditions. Unfortunately, it has been an expensive tool to 
apply, which involves travel and fieldwork by a crew of technicians plus time in the office to 
reduce raw data to usable information. In the interests of safety and cost reduction, it would 
however be preferable (McDonald and  Fulton, 2005). Therefore, in this study to pred cost,  
study technique was used. 
 
1.3. Literature review 
1.3.1. Literature review of cost and productivity  
Evaluating the costs of different harvesting alternatives is the basis for developing an 
efficient forest operation plan. This requires estimation of harvesting production rates, and of 
the costs of equipment and labor, too. To do this, the harvest planner must understand the cost 
characteristics of the available logging systems under the influence of the tree size, skidding 
distance, and skidding direction (Jourgholami and Majnounian. 2011). 
Nowadays, with mechanization development, evaluation of machine productivity and 
calculation of average cost of skidding for each hour and each cubic meter is necessary to 
compare their efficiency. The productivity of mechanization in forestry depends on many 
factors like machine type, tree size, intensity of thinning, number of trees per hectare, terrain 
conditions, operator skills, silvicultural treatment and distances between skid roads (Demir, 
2010). The research relating to cost assessment of the logging systems goes back to the 
1930’s, but in northern forests of Iran it has started two decades ago (Parsakhoo et al . 2009). 
Landford and Stokes (1996) compared production rates and estimated costs of a skidder 
system (whole tree method) and a forwarder (cut-to-length) system. They reported that the 
productivity was limited by the woods transport vehicles. Weekly production rates were 261 
cords for the skidder system and 249 cords with cut-to-length wood and 200 cords with 7.5-
foot wood for the forwarder system. Cost per cord was slightly lower for the forwarder system 
using cut-to-length wood than the skidder system.  
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LeDoux and Huyler study (2001) showed in comparison of cut-to-length harvesting system 
(CTL) and whole tree harvesting system (WT) that the CLT involves high initial cost of 
investment, repair and maintenance of the machine’s complex computerized system, and 
inability of the felling-processing machine to handle stems with stump diameter larger than 22 
inch. However, WT harvesting requires more woods workers, supervision, and support than 
CTL harvesting. In addition, hourly machine rate for the whole tree method system has also 
been higher than for the cut-to-length. 
McDonagh (2002) simulated two computer models to address harvest system - stand 
assignment and wood flow variability problems in the southeast United States. The Harvest 
System Assignment (HSA) model is used to evaluate the impact of a particular stand 
assignment on harvest system effectiveness and is designed to assist with harvest system 
assignment decisions. Four general harvesting systems: manual, mechanized, shovel and cut-
to-length can be modeled to harvest timber, from standing trees to processed logs loaded on to 
trucks. Model testing showed that as terrain, tract and system characteristics changed; the 
effectiveness of each of the four systems varied. The most effective system therefore can be 
determined for any combination of terrain, tract and system characteristics. The model output 
identifies production potential as well as cost per unit, and also determines the causes and 
magnitude of inefficiency. 
Adebayo (2006) Studied productivity, cost (stump-to-truck), and log value recovery 
between cut-to-length (CTL) and whole-tree (WT) in two different mixed-coniferous stands. 
Hourly harvesting productivity ranged from 1.163 to 5.428 ft
3
 per productive machine hour 
(PMH) and 1.350 to 6.552 ft
3
/PMH for CTL and WT harvesting machines, respectively. This 
result suggests that the WT harvesting system completes harvesting work faster than CTL 
harvesting due to the specific tasks assigned to each machine. Higher productivity of the WT 
harvesting system resulted in lower harvesting costs, although the hourly machine rate for the 
WT harvesting system was slightly higher than for the CTL harvesting system. CTL 
harvesting system costs were 0.34 $/ft
3
 and 0.36 $/ft
3
 while WT harvesting costs were 0.22 
$/ft
3
 and $0.33/ft
3
 at the two sites. Harvesting costs ($/ft
3
) were highly influenced by skidding 
or forwarding distance, log length and diameter, and machine combinations.  
Alam et al. (2012) reported that mechanized harvesting operations are popular in Australia 
because of their productivity and efficiency, improved worker safety and reduced cost of 
operations. Most research has found that the productivity and efficiency of a mechanized 
harvesting system is affected by a number of factors such as forest stand characteristics, 
terrain variables, operator’s skill and machinery limitations. However, current studies did not 
quantify these factors sufficiently to evaluate the productivity and efficiency effects that can 
guide allocation of different harvesting equipment.  
Jirousek et al. (2007) revealed that the productivity of harvesters was particularly affected 
by the average tree volume of the felled trees, and the productivity of forwarders was affected 
mainly by two factors – haulage distance and machine payload. Dependences of other factors 
such as natural and site conditions, technical parameters and skills of operators could not be 
demonstrated.   
Long (2003) studied manual and mechanized harvesting operations in central Appalachian 
hardwood forest sites in order to obtain time study data. In manual harvesting operation, 
felling was done with a chainsaw and skidding with ground-based cable skidders. Production 
and cost analysis were conducted on the harvesting system data in order to compare the two 
systems. Results indicated that cost per unit volume was lower for the mechanized system 
though hourly costs of operation were considerably higher for the mechanized system than the 
manual system. 
Parsakhoo et al. (2009) analyzed and compared costs of two skidding machines used in 
timber harvesting in north of Iran. Results indicated that the production cost of skidding 
machines for wheeled skidder Timberjack 450C and HSM 904 was 1.320 €/m3  and 2.940 
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€/m3 respectively; where the terrain and forest conditions of Iran are moderate, the wheeled 
Timberjack must be preferred to other equipments, because HSM are too expensive.  
Barari et al (2011) by used time study techniques evaluated cost of wheel skidder HSM in 
Iran. Results showed that time model was mainly affected by skidding distance and volume 
per turn. The gross and net production rate in the 525 m skidding distance was 6.37 and 7.29 
Euro/m
3
, respectively. 
Naghdi and Bagheri (2007) in order to find an efficient way of selective logging methods, 
two logging methods in ground skidding systems were compared with respect to productivity. 
In this study, for estimated production and cast of a unit volume of wood in two logging 
methods the work study technique was used. The total productions in tree length and 
assortment logging methods, without delays were 18.60 and 13.38 m
3
/hour, respectively and 
with delays were 14.60 and 11.43 m
3
/hour, respectively. The results of this study showed that 
timber production in the tree length method with the use of trailers for transporting timber to 
factory yards was higher than the assortment method which used truck for transporting 
timber. The production costs without delay times in tree length and assortment logging 
method were 4.30 and 6.27 $/m
3
, respectively and with delay time in the tree length method 
was 5.43 and 7.25 $/m
3
 for the assortment logging method. Also, analysis of work elements 
showed that in both logging methods the load winching time, empty travel time and loaded 
travel time is the third most important part of each turn time. 
Ghaffariyan (2013) compared roadside chipping and road side processing systems by 
means of time and motion study. The results showed that the productivity of feller-buncher 
and processor was significantly affected by tree size. Productivity of skidders was dependent 
on extraction distance and load weight.  
Ghaffariyan et al. (2012) applied the continuous time study method to collect data for 
felling, skidding, loading and a transportation model. Multiple regression analysis via SPSS 
software was applied to develop the time models. Felling time was found to be highly 
dependent on diameter at breast height. Skidding distance, winching distance, slope of the 
trail and piece volume were significant variables for the skidding time prediction model. The 
loading time model was developed considering piece volume. Transportation distance and 
load volume were used as independent variables in modeling the transportation time. The net 
production rate for skidding was 18.51 m
3
/hour. They reported that the skidding phase was 
the most expensive component of the cut-to-length method. 
Jourgholami et al (2008) studied the production and cost rates of TAF skidder in cut-to-
length system. The study was carried out in Kheyroudkenar Educational and Experimental 
Forest Station at Nowshahr, Iran. Using continuous time studies, the effective factors of 
skidding including skidding and winching distance, volume, slope, number of logs and tree 
species were identified and recorded. Overall, 44 turns were recorded on Timberjack, and the 
collected data were analyzed and skidding models were developed. The results showed that 
the production rates for Timberjack were 8.22 m³/hour (including delay times) and 8.88 
m³/hour (no delays). Production costs were 66674 (4.5 €/m3) and 61746 rials/m³ (4.2 €/m3) 
respectively.  
Naghdi et al. (2010) evaluated hourly production and wood extraction costs of HSM-904 
and Timberjack 405C wheeled skidders. Skidding factors (costs and production) were 
evaluated using work study and time study techniques. A mathematical model of skidding 
time was determined for each skidder. The effective factors of the mathematical model for 
Timberjack skidder was volume per turn, skidding distance and winching length and for 
HSM-904 skidder was volume per turn and skidding distance. The results showed that the net 
production (without delay time) was 11.3 and 8.7 cubic meters per hour for Timber jack and 
HSM-904 skidders, respectively. Skidding costs (with delay time) were 60442 (4.03 €/m3) 
and 88400 (5.9 €/m3) Rials per cubic meters for Timberjack and HSM-904, respectively. 
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Jourgholami and Majnounian (2011) by used Timberjack 450C wheeled cable skidder 
studied to determined production, cost per hour and machine rate during the skidding phase in 
short-log and long-log methods. The study used continuous time studies based on empirical 
data for two logging methods. The regression model for short-log method included the 
following factors: skidding distance and number of log. However, the model for long-log 
method included: skidding distance and winching distance. Results indicated that the 
productivity of the short-log and the long-log with delay times was found to be 6.71 and 9.84 
m
3
/hour, respectively. The productivity of the short-log and the long-log without delay times 
was found to be 8.92 and 13.34 m3/h, respectively. The cost in short-log method with and 
without delay times were 98120 (6.54 €/m3) and 73810 Rials/m3 (4.92 €/m3), and the cost in 
long-log method with and without delay times were 66910 (4.5 €/m3) and 49350 Rials/m3 (3.3 
€/m3), respectively. Productions in both short and long log methods were directly related to 
skidding distance. Also, productivity was more sensitive to skidding distance than number of 
log and winching distance.  
Gilanipoor et al (2012) applied continuous time study during skidding operation to record 
the time spent for each component of skidding. The obtained data was than analyzed using 
multivariable regression analysis to build the mathematical model of production. Results 
showed that skidding distance, skid trail slope and volume of logs at each cycle are significant 
variables influencing skidding time. The share of delay was 14.94 % of total time while 44% 
of delays time was identified as technical delay (unavoidable delay), personal and operational 
delay were recorded 33% and 21% percent, respectively. Skidder productivity regardless of 
delay time and effective time were calculated 5.84 m
3
/h and 4.98 m
3
/h, respectively. Total 
average cost of system was estimated as 265678 Rials/m
3
 (18 €/m3) and 54330 Rials/m3 (3.7 
€/m3), respectively. 
Pir Bavaghar et al (2007) estimated skidding unit cost and productivity of Timberjack- 
450C skidder in two skidding directions and under combined logging system (tree length, 
long wood and short wood systems depending on different situations). The results show that 
skidder productivity rate in uphill skidding is 16.31 m
3
/hour and greater than its productivity 
in downhill skidding (12.32 m
3
/hour). By using combined system productivity rate was 14.31 
m
3
/hour while in short wood system productivity was 8.88 m
3
/hour. 
Eghtesadi (2008) evaluated the total time skidding and wood transportation and production 
rate of skidder and logging trucks and effective factors of logging operation in Nekachoub 
area, North of Iran. In this study, based on data from continuous time studies for different 
phases, 45 and 60 turns were recorded on skidder and logging trucks, respectively. Collected 
data were analyzed by mathematical model of skidding time by TAF skidder, including 
winching distances, slope, number and volume of logs and hauling time, hauling distances, 
number and volume of logs. The results showed that submitted models were valid for 
skidding and hauling times. Production rate for TAF skidder and logging trucks were 10.26 
m³/hour and 5.79 m³/hour, respectively. 
Akay (1998) showed that cut-to-length system using four sawyers and a forwarder 
produced wood on the truck at the lowest cost, 11.18 $/m
3
, and 13.88 $/m
3
, respectively. In 
the sample plots selected from Mediterranean region, the whole-tree system using four 
sawyers, a grapple skidder, and a loader produced wood at the lowest cost (9.20 $/m
3
). This 
compared to an estimated logging cost of about 7.00 $/m
3
 to 10.00 $/m
3
 in Turkey using chain 
saw felling, oxen skidding and manual loading.  
Mosavi et al (2012) evaluated a ground skidding system in the aspen plantation and the 
possibility to increase the production rate, an empirical time study. The elements of the 
skidding work phase were identified and 58 cycles were recorded for the study. The models 
for effective time consumption, total productivity and work phase models are calculated. The 
average load per cycle was 2.2 m
3
, the average one-way skidding distance was 253 m.  The 
average output in the study was 7.1 m
3
 per effective hour and the unit cost was 13.9 $/m
3
. 
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Mosavi (2012) estimated the time consumption and productivity of skidding that depend 
on several variables such as distances and slope, number of logs per cycle and volume in 
short-log and long-log method. The average load per cycle in short-log and long-log method 
was 2.77 m
3
 and 3.08 m
3
, the average one-way skidding distance was 380 and 497 m, the 
average slope was 18 and 20% in the short-log and long-log method, respectively. Results 
indicated that hourly costs of operation were higher for the short-log method than the long-log 
method (12.69 and 12.40 $/m
3
). 
Lotfalian et al. (2011) researched on the efficiency of wheeled skidder Timberjack 450C in 
ground skidding system; a forest in Caspian region was selected. After data analysis, they 
applied skidding predicting equation. This time model was mainly affected by skidding 
distance and interaction between skidding distance and slope. The gross and net production 
rate in the 980 m skidding distance was 20.199 and 16.58 m
3
, respectively. The unit cost 
considering the gross and net production rate was 4.7 and 5.7 Euro/m
3
, respectively.  
Ghaffariyan (2008) Considered environmental, economical and social criteria by used an 
AHP decision making method to choose the best skidding system for a mountainous mixed 
hardwood forest. The possible available skidding alternatives are mule logging, wheeled cable 
skidder and tractor in the case study area. The AHP results showed that the best alternative is 
mule logging if all criteria have the same weight. But if the economical parameters are more 
important for the forest managers, then the tractor logging is the best choice. 
 
1.3.2. Literature review of residual damage  
In developing a feasible harvesting system, the mechanized harvesting machines should be 
assessed based not only on their production rates and unit costs but also on their impacts to 
forest ecosystem. Mechanized harvesting operation can have long lasting effect on residual in 
forest. Therefore, logging managers need to understand the capabilities of the harvesting 
machines and know how to reduce their damages on the remaining stand (Akay et al. 2006).  
Today, there is an interest in using alternative silvicultural systems like selection and two-
aged management, because the public finds these systems more acceptable than clear cutting. 
However, repeated entries into forest stand to remove timber increase the risk of residual 
stand damage (Fickli et al. 1997). In Caspian mixed-hardwood forest, logging operations are 
generally performed by using selective cutting methods including single-tree and group 
selection. Thus, logging in forests often causes physical damage to residual trees through 
felling and skidding operations (Nikooy et al. 2010). Behjou and Ghafarzade (2012) evaluated 
the logging damage to residual trees following logging operation in Caspian forest. They 
reported that an average, 9.8 trees were damaged for every tree extracted. The most common 
types of damage were uprooting. Damage to trees alongside of skidding trails was 
significantly more than damage in logging gaps and winching areas. 
     Ficli et al (1997) considered residual stand damage for (1) a rubber-tired skidder and (2) a 
mule logger, to provide a case study comparison of logging damage between the two systems. 
They found that only 7% of the residual trees >5" dbh were damaged by the mule-logging 
system while 22% of the residual trees were damaged by the skidder system.  
            In the study by Tavankar et al (2013) percentage of destroyed and injured residual 
trees in felling and skidding operation was assessed. Result showed that by felling operations 
1.4% of total tree were destroyed and 3.4% of total trees were injured, whereas the percentage 
of destroyed and injured residual trees by skidding operations was 5.2% and 11.1%. Damage 
to the lower location of bole and wood damaged intensity was the most common type of 
injury. Tavankar et al (2012) in other study showed that 16.9% of regenerations were 
damaged by logging operation from which 4.8% of regenerations were damaged by felling 
operation, while 12.1% were damaged by winching operation. The analysis of collected data 
showed that winching operation is the main cause of destroying the regeneration in this study 
area (Tavankar et al. 2012). The research was carried out in fir and spruce stands in Poland, 
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where early selection thinning was performed with the use of debranching and cutting 
processor NIAB 5-15 along with a cable winches TUN 40 and KRPAN 8 EH, aggregated 
with farm tractors. In the case of the harvesting by a processor, the level of damage to trees 
was 1.0–5.2% while with the use of winches it was 1.2–5.4%. In the regeneration layer, the 
level of damage when the processor was used ranged from 5.9–17.9% whereas harvesting 
with the winches caused damage between 11.8 and 17.1% (Stanczykiewicz. 2010). 
The recently study of Tavankar et al (2010) indicated that in each hectare of harvested 
area, 30 stems of residual trees were damaged and 1.3 stems were destroyed by logging 
operation. Most of the wounds on the bole of trees were occurred under 1 meter height 
(53.3%). Most of deep wounds occurred on the stump area. Also, the results of their studies 
showed that in each hectare of harvested areas, 160 stems of stand regeneration were damaged 
and 227 stems were destroyed by logging operation. About 6% of stand regeneration were 
damaged and 8% of them were destroyed. The area of skid trails was an important 
contributing factor to residual stand damage. Damage to the lower bole and to lateral roots of 
residual trees were the two most common types of damage.  
Mousavi  (2008) research results showed that in winching strips, the percentage of damage 
to residual stand was 32.2 and 37.7 percent and in skid trails percentage of damage was 25.7 
and 34.9 percent in short-log and long log method, respectively. From damage to residual 
stand point of view, short log method was more environmental friendly than long-log method. 
Ghaffarian (2008 and 2009) showed that the best alternative is mule logging if all criteria 
have given the same weightage. But if the economical parameters are more important for the 
forest managers, then the tractor logging is the best choice. In other study in Caspian forest by 
Naghdi et al. (2009) showed that damages to each regeneration group seedling and small 
sapling in mule logging method were significantly lower than mechanized logging method. 
Solgi and Najafi (2007) after finishing the skidding operation, they recorded damaged trees 
and reported that approximately 80% of new damage are caused by skidding. 41 % of total 
damage occurred on root and 59% of wound was on the bole that about 8% of injuries on bole 
were in higher than 1 m.  In other study, Han Sup and Loren (2000) showed that by ground 
system more severe damage occurred on root and comparing other system scaring from this 
system significantly occurred on lower part of the bole. 
Azzati and Najafi (2010) investigated the long-term effects of ground-base skidding on 
residual damage in forests of northern Iran twenty-year post logging operation. Characteristics 
examined included wound size, location, severity, height from ground level, number of 
wound on the damaged tree stems, and distance of damaged tree from centerline of the skid 
trail to 8-meter distance to the abandoned skid trail. Results of their study showed that an 
average amount of damaged trees alongside skid trails were 18.83%. 
In research area of Jakson et al (2002) 4.35 trees/ha and 12.1 m
3
/ha were harvested. It was 
estimated that logging disturbed 45.8% of the stand which included  25% ground area 
disturbance in the form of skid trails, logging roads, and log landings and an additional 25% 
in canopy openings due to tree felling. On average, 44 trees were damaged for every tree 
extracted which included 22 trees killed or severely damaged where6 of them being 
commercial species. The most common types of damage included uprooted stems, stem 
wounds to the cambial layer, and bark scrapes. Damage to trees sustained along skid trails 
was found to be significantly less than the damage incurred along logging roads. Residual 
damage in felling gaps was positively related to the diameter-at-breast-height of the harvested 
trees (Jakson et al. 2002). Han and Kellogg (2000) compared damage of four common 
harvesting systems in western Oregon: tractor, cut-to-length, skyline, and helicopter. Scarring 
was the most typical damage to crop trees, accounting for 90% of the total damage in most 
cases. Damage levels greatly decreased as the minimum scar size that defines damage was 
increased. Scarring by ground-based systems was more severe: scars were larger, and gouge 
and root damage were more prevalent than in skyline and helicopter systems. Damaged trees 
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were concentrated within 15 ft of skid trails or skyline corridor centerlines. In the cut-to-
length system, the harvester caused more wounding (70%) to crop trees than did the forwarder 
(30%), but forwarder scars were larger and sustained severe. Also, their study indicated that 
Helicopter logging caused scars highest above the ground, followed by skyline, cut-to-length, 
and tractor logging. On average, scarring from tractor thinning was significantly lower on the 
bole than for any other logging system (P < 0.01 at 99% level). The amount of scarring below 
2 ft was 2% in helicopter, 17.5% in skyline, 29.3% in cut-to-length, and 64% in tractor units. 
In the cut-to-length system, scars caused by the harvester were slightly lower on average than 
those from the forwarder; 63% of the harvester-created scars were lower than 4 ft, versus 57% 
from the forwarder.  
Investigation about the impacts of three timber harvesting techniques (manpower, skidder, 
and skyline) on residual trees, seedlings, and timber products in Artvin, Turkey indicated that 
each of timber harvesting techniques was used in 5 different harvesting sites. The degree of 
damage caused by timber harvesting techniques in the residual trees, seedlings and timber 
products was calculated as based on injuring size. The results showed that timber harvesting 
techniques resulted in damages to residual trees, seedlings, and timber products, but the 
degree of damages caused by the harvesting techniques was significantly different. The 
highest level of damage was caused by manpower, followed by skidder and skyline harvesting 
technique. These results suggested that the damages caused by logging can be minimized by 
using proper timber harvesting techniques (Eroglu et al. 2009). Residual stand damage was 
assessed in hardwood Indiana and results showed that 2.6 trees per acre were damaged and 
70% of the exposed sapwood wounds were larger than 100 m
2
. Skidding caused 71% and 
felling 29% of these injuries. Study results showed that size and percentage of damage is 
greater than reported in previous studies. The data suggest that much of the skidding damage 
was caused by carelessness, and could have been avoided (Reisinger and Pope. 1991). 
 
1.3.3. Literature review of soil damage  
Soil compaction induced by forest harvesting operations can reduce site productivity. 
Severe compaction take place in the wheel track section of the skid trails. Careful logging on 
moist, fine to medium-textured soils is the safest way to limit the extent of soil compaction 
(Brais and Camire 1998). Trafficking during harvesting significantly increased soil bulk 
density to depths of 3 to 6 inches in areas outside of primary skid trails and 9 to 12 inches in 
primary skid trails. The important factor in degree of soil compaction is the number of 
machine passes at which maximum soil compaction occurred in the first 10 initial machine 
passes (Gent, and 1984). In the Hyrcanian forest, a few studies have been carried out about 
the effects of forest operations on soil compaction and disturbance. Recently Soltanpour and 
Jourgholami (2013) investigated on forest soil compaction following the skidding operations 
with wheeled cable skidder in Hyrcanian forest. The results of this study show that soil bulk 
density was increased with the increase of machine traffic, but the largest increase was 
observed in initial passes (less than 3 times). Soil bulk density at the depth 0-10 and 10-20 cm 
was more than the control area by 21.2 and 6.5 percent, respectively.  
A study of Jourgholami and Majnounian (2011) shows that with increased number of 
machine passages the soil bulk density increased, too, but most of the compaction occurred 
after the initial few passes. In uphill skidding compaction is more than with downhill skidding 
and soil bulk densities at 5, 15, and 25 cm depths on average 35, 22, and 17% are higher than 
densities in undisturbed soils. Najafi et al (2009) evaluated effects of skid trail slope and 
traffic frequency on soil disturbance in a temperate mountainous forest. Four levels of traffic 
(3, 7, 14 and 20 passes of a rubber skidder HSM 904), and three levels of slopes (gentle 
<10%, moderate 10–20%, steep >20%) were applied in three replicates consequently, 36 plots 
with 10 m long by 4 m wide were utilized in the study. Results showed that soil water content 
was decreased up to 45% after skidding in comparison with undisturbed area. There was a 
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negative correlation between water content and skid trail slope. The results indicated that 
slope steepness had a strong effect on the physical properties of the soil. 
Tavankar et al (2009) messured soil compaction in felling gaps and skidding trails in 10 
cm depth. Their research results showed that soil bulk density compared to control was 
increased 15.74% and 35.61%  in felling gaps and skidding trails, respectively.  
Agherkakli et al (2010) have evaluated the effects of slope and traffic intensity on soil 
compaction on skid trail in the natural forest of Northern Iran. The results of this study 
showed that all bulk densities were considerably higher in slope ˃ 20 % than in slope < 20 % 
and average soil bulk densities were measured from 1.07 (g/cm
3
) to 1.23 (g/cm
3
) on skid trail 
and 0.91 (g/cm
3
) in undisturbed areas. With the increment of traffic, soil compaction 
increased but there was no significant difference among the three levels of traffic frequency in 
slope < 20 % whereas it was significant between one and five cycles in slope ˃ 20 %.  
Naghdi et al (2007) considers the changes in soil bulk density and relative soil compaction 
due to a different number of wheeled skidder passes from stump to landing. The results 
showed that the effect of skidder traffic on increasing soil bulk density at sample locations 
was significant (α = 0.05). The range of soil bulk density increases in sample pits due to a 
different number of machinery passes which ranged from 15.8% to 62.6% compared to the 
control area and the highest significant increase in soil bulk density occurred at the first 11 
passes in skidding trails. Also, Naghdi et al (2009) measured soil compaction by mule and 
skidder and samples were taken at 0-10 cm and 10-20 cm depth from skidding and mule 
trails. The results showed that soil dry bulk density increased in skid and mule trails compared 
to control at 0-10 and 10-20 cm depth, was significant (p = 0.01). This increase in mule trail 
at 0-10 cm depth was significantly higher than at 10-20 cm depth, but the percentage of 
increasing soil dry bulk density compared to control in skidding trail at 0-10 cm and 10-20 cm 
depth was not significatly different. The increment of soil dry bulk density compared with the 
control at 0-10 cm depth of mule trail is higher than at the skidding trail, but at 10-20 cm 
depth it is higher at the skidding trail than at mule trail. In an other study by Ghafarian et al. 
(2009) results showed that the disturbed area by mule was 5.72% of total harvesting area, and 
the soil compaction increased 14.14% in this alternative. 
Lotfalian and Parsakho (2009) showed that skidder traffic significantly increased the soil 
bulk density. The maximum increment in soil bulk density occurred in 18th pass (1.62 gr/ 
cm
3
). In order to reducing soil compaction they suggested that the forest soil compaction and 
rutting problems can be reduced by restricting the amount of ground area covered by skid 
trails, using a tire pressure-control systems and chosing the best machine with respect to 
environmental impact and productivity. 
Akay et al (2007) showed that soil compaction indicators, soil strength and bulk density, 
markedly increased as the number of machine trips increased. Also, they reported that woody 
slash materials distributed over the skid trail provided better soil support capacity and there 
was a significant correlation between soil strength and bulk density with respect to the 
number of machine trips and slash treatments. 
Han (2006) conducted a study to compare the degree and extent of impacts on soils from 
cut-to-length (CTL) and whole tree (WT) harvesting operations. He reported that at high soil 
moisture level (25 - 30%), both CTL and WT harvestings caused a significant increase of soil 
resistance to penetration (SRP) and bulk density (BD) in the track compared to undisturbed 
area (p<0.05). Readings of SRP in the track were consistently higher for all soil depths in 
CTL units than in the WT units while BD changes were greater in the WT units. There was no 
significant difference in SRP and BD between the undisturbed area and the center of the 
forwarding trails in the CTL harvest units (p>0.05).  
     Lopes et al. (2006) show that a loaded wheeled-clambunk skidder traveling once or twice 
caused effects of compaction on soil up to 15 cm depth. In the same condition, the tracked-
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skidder traveling twice also produced significant effect on soil compaction. In the 15-50 cm 
depth, only two travels of the wheeled-clambunk skidder caused soil compaction. 
     Jakson et al (2002) reported that primary logging roads disturbed between 1 and 3% of the 
ground area and  0.1% area was disturbed due to log landings. 
     Williamson and Neilson (2000) indicated that soils in dry forests or those formed on 
coarser gravelly parent material resisted compaction more than soils in wet forests or formed 
from finer-grained materials. They reported that on average, 62% of the compaction in the top 
10 cm of the soil occurred after only one pass of a laden (loaded) logging machine.  
   Wilpert and schaffer (2006) investigated on the ability of soils to serve as an effective 
rooting space in skid trails of regular harvest operations. Results of this study show that 
tracking with heavy loaded machines severely reduced the soil aeration and in consequence 
the ability of the soil to act as a rooting space.  
     Rollerson (1990) investigated on effect wid-tire skidder on soil compaction. He reported 
that the wide-tire skidder has been at the lower end of the range of compactive effects for 
ground-based yarding equipment, but still expected to have a negative effect on height growth 
of seedlings. He also reported that soil bulk densities increased with increasing skidder traffic, 
most of the increase in bulk density was achieved in the first 10 to 20 return trips and the 
effect was more pronounced at higher soil water contents. Soil disturbance increased with 
increasing traffic and was generally more pronounced under moist soil conditions.  
Froehlich and McNabb (1983) reported that high organic-matter content and other inherent 
properties make Pacific Northwest forest soils generally low in bulk density, high in porosity, 
and low in strength. As a consequence, these soils are susceptible to compaction by tractive 
machines, and stand growth may be decreased from 5 to 15 percent. Natural ameliorative 
processes do not rapidly loosen compacted soil, and where it remains compacted, stand 
growth losses are measurable for at least three decades.  
     Mace (1971) researched on forest soils compaction in the tree-length system and full trees 
system by rubber tired skidders.  This research results showed that bulk density values for the 
0-2 inch depth on both harvesting systems were significantly increased over control bulk 
densities after one overwintering period. About 5 percent increase in bulk density was 
determined for areas directly under the tracks of the skidders used in the tree length system 
and 11 percent increase in bulk density was detected beneath the zones where the  full trees 
were skidded by the full tree system. 
Jourgholam and Majnounian (2010) reported that log extraction with draught animals 
compared with ground-skidding equipment, the use of animals has been shown to reduce soil 
disturbance, soil compaction and damage to residual trees significantly. About 4.3% of total 
area were disturbed and compacted by applying tradition hauling.  
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1.4. Objectives of the study 
Forest harvesting is composed of four key components including tree felling, primary 
transportation, loading, and secondary transportation. Primary wood transportation is one of 
the most important and most expensive part of forest utilization. Before 20
th
 century, wood 
transportation was done by animals (horse, mule…) and water energy but today with 
machines without considering effects environment (Barari et al. 2011). Therefore it is 
necessary to determine primary wood transportation efficiency considering the cost and as 
well as ecological impact.  
Although several studies about skidding productivity, cost, soil damage, standing tree 
damage and regeneration damage by ground systems have been done until now in Iran, but no 
study compared these objectives between four harvesting alternatives. Therefore, the 
important goal of this study was to determine the production rates, costs, and ecological 
efficiency on residual stand damage, soil compaction and soil disturbance in TLM, LLM, 
SLM and extraction by mule. The mean objectives of this study were: 
1- To compare cost and ecological impact by TLM, LLM, SLM and mule under Iranian 
conditions. 
2- Choice of the suitable harvesting method depending on cost. 
3- Choice of the suitable harvesting method depending on environmental factors. 
4- Choice of the suitable harvesting method depending on both, cost and environmental 
factors. 
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2. MATERIAL AND RESEARCH METHODOLOGY 
2.1. Site description 
This study was conducted in compartments 46, 107, 41 and 27 of Wood Industry of Farim 
forests a part of the Hyrcanian forests which located between 35°58ʹ40ʺ to 36°15ʹ00ʺ N and 
53°04ʹ20ʺ to 53°24ʹ55ʺ E. The total surface of these forests are 53000 ha, compartment 35 
area is 66 ha which 7 ha are under protection; compartment 107 is 39 ha that 2 ha are under 
protection; compartment 41 is 85 ha with 34 ha under protection and compartment 27 area is 
59 ha that 24.5 ha are protection area without utilization. The forest lies on north and 
northwestern aspect and altitude ranging was from 445 m to 2250 m above sea level. The 
slope gradient classified in 4 classes 1- 0-30%, 2- 30-60%, 3- 60-80% and 4- 80-100%.  
The original vegetation of this area is an uneven-aged mixed forest dominated by Fagus 
orientalis and Carpinus betulus, with the companion species Alnus subcordata, Acer 
platanoides, Acer cappadocicum, Ulmus glabra and Tilia rubra. The soil type is forest brown 
soil and the soil texture varies between clay-loam to silty-clay.  
The average annual rainfall recorded at the closest national weather station was 85454 mm. 
The maximum mean monthly rainfall is ..59 mm usually occurs in September, while the 
minimum rainfall is 48.5 mm occurs in February. The mean annual temperature is 11.49 °C, 
with the lowest values (-4.17 °C) in February and maximum mean of temperature is 26.17 °C 
in July.  
 
  
 
  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Location of study site. 
 
Cutting regime and silviculture method were single or group selective cutting. The total 
volume of primary transportation was carried out by skidders to landings area that were 
prepared at the border of road in the lower part of the compartment. 
 
Table 2.1. Some characteristics of study compartments 
Alternative  Number of 
skidding 
trip 
Compartement 
total area (ha) 
Total 
harvesting 
area (ha) 
Protected 
area (ha) 
Tree per 
(ha) 
Volume 
m
3
  per 
(ha) 
Total 
volume of 
extracted 
wood, m
3
 
TLM 30 66 59 3 205 252 307.037 
LLM 31 39 37 2 153 170 292.871 
SLM 41 85 51 34 260 220 311.59 
Mule 48 59 34.5 24.5 358 240 4.414 
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2.2. Data collection  
During summer of 2011 skidding operation was carried out by Timberjack 405C skidder in 
Wood Industry of Farim in North of Iran. Timberjack 450C rubber-tired skidder used in this 
study was a normal  articulated, four-wheel-drive vehicle weighing 10.3 ton (55% on the front 
and 45% on the rear axle) with engine power of 177 hp (132 kW) and engine model of 
6BTA5.9. It is equipped with a blade for light pushing of obstacles and stacking of logs. The 
skidder was fitted with size 24.5-32 tires inflated to 220 kPa on both front and near axles, it 
had a ground clearance of approximately 0.6 m. Timber bunching was carried out by the 
winch that was installed in the near part of the skidder from the stump to the skidder and one 
end of the dragged round wood was in touch with ground (Majnonian and Jorgholami, 2013). 
High, length and width of machine was 3 m, 6.28 m and 3.1 m respectively. 
 
2.2.1. Time study  
2.2.1.1. Time study performance to logging operation by skidder 
In order to estimate productivity and cost of a volume unit of wood, time-study techniques 
were used. A time study is usually done either as a comparative study, a correlation study or a 
combination of the two. The objective of a comparative study is to compare two or several 
machines, work methods, etc., while the objective of the correlation or relationship study is to 
describe the relationship between performance and the factors influencing the work. Time 
studies can be carried out using continuous time study methods such as continuous or 
repetitive timing or indirect work sampling (Nurminen et al, 2006). 
In this study the continuous time study method was applied to collect data and to compare 
of logging operation in tree length method (TLM), long length method (LLM), short length 
method (SLM) and extraction by mule (Mule).  
The study covered regular working hours of the skidder and operator, time and production 
data were recorded by stopwatch in minutes and seconds. All work phases were recorded just 
as if the operators were in a normal working condition without any special arrangements. The 
cycle of skidding turn was same for TLM, TLM and SLM and broken down into different 
elements. 
 
Skidding Work Phase elements are as follows: 
- Traveling unloaded: begins when the skidder leaves the landing area on the skid trails 
and ends when the skidder stops in the stump area. 
- Releasing (opening and extension of cable): begins when the skidder driver releases 
the cable (chaser start to pull the winch cable out) and ends when the chaser 
approaches the log(s) that should be hooked. 
- Hooking (setting choker): begins when chaser (worker) sets the choker(s) at the log(s) 
about 0.5-1.0 m away from the log end and ends when the helper moves to a safe place 
and sends signals to the tractor or skidder operator to start winching (or cable loop 
fastened). 
- Winching: begins when the driver starts to winch and ends when the logs are mounted 
on the back of skidder on skid trail or load arrives at the skidder. 
- Traveling loaded: begins when the skidder starts to move on skid trail and ends when 
the skidder is on the landing. 
- Unhooking: begins when the chaser or skidder driver (most of the time) leaves the 
skidder for unhooking of cable and ends when pulling-in the cable is finished. 
- Pilling: begins when the skidder driver starts to move and deck the logs on the landing 
and ends when load piled up in final position and the skidder starts preparing for the 
next cycle. 
- Delays (Mousavi, 2008). 
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For each trip of skidding operational variable such as size of logs (diameter and length of 
logs), number of log(s), terrain slope gradient in loaded direction, skidding distance and 
winching distance were measured and recorded on the paper. Because of measuring these data 
before logging operations on the winching trail harvesting units, landing locations and major 
extraction routes were identified by the skidder driver or chaser man. Distances of tree 
bunches to the landing (winching distance + skidding distance) were measured with a tape 
and recorded on paper. 
In addition to these elements, there is a series of delay times in each skidding cycle trip. 
The delays were divided into three groups: 
• Operational delay 
• Technical delay 
• Personal delay 
 
 
 
 
 
  
 
3 
2 1 
4 
5 6 
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Figure 2.2. skidding work phase  in north of  Iran: 1- travel unloaded 2- releasing 3- hooking 4- winching 5- 
traveling loaded 6- unhooking 7- pilling 
 
2.2.1.2. Time study performance to timber extraction by animal (Mule)  
The mule logging is used in these situations; when no skid trail is available for using 
skidders or tractors, when the cut volume is not so high or timber is scattered in the 
compartments, when the logging area is too steep and tractors cannot be used. Also after 
extracting the saw-logs by mechanized systems, firewood or pulpwood are extracted by mules 
(Ghaffarian, 2009). Most of the animal logging in Hyrcanian forest is a family tradition and 
logging operators learned from their fathers. Animal logging in Northern Iran is typically 
comprised by a crew of five or six people and seven or eight mules. Trees to be removed are 
felled, limbed and topped motor-manually. Felled trees are processed with chainsaws into 
lumber and/or pulpwood (Jourgholami and Majnounian. 2011). The dimensions of lumber 
and pulpwood in case study can be seen on table 2.2.  
 
Table 2.2. Dimension of extracted wood by Mule 
Kind of wood Length (m) Thickness (cm) Width (cm) 
Pulpwood 2.60 12 23 
Pulpwood 2.60 12 23 
Saw-Lumber 2.80 14 30 
Saw- Lumber 2.20 14 30 
Saw- Lumber 1.20 14 30 
 
Cost of extraction by mule is different of above three harvesting alternative and its cost can 
be stated per turn (3.16.Euro/turn).  
 
Mule work is divided in phases as follows: 
- Loading: starts when the loading worker lift up the lumber or pulpwood by hand and 
ends when the wood on Mule and fastened by rope. 
- Hauling: begins when the mule and teamster starts to move with loaded wood and 
ends when the mule and teamster is on the landing. 
- Unhooking: begins when the teamster or worker start to open rope ends when lumber 
and pulpwood fall on ground  
- Returning: begins when the mule leaves the landing area and ends when the mule 
stops in the stump area (Fig 2.3). 
For each trip of mule variable such size of wood (width, thickness and length), number of 
wood(s), terrain slope, hauling distance and kind of wood (lumber or pulpwood) recorded on 
the paper. Because of measured these data before wood extraction, landing locations and major 
hauling routes were identified by the teamster.  
7 
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The delays were divided into three groups  
• Operational delay 
• Technical delay 
• Personal delay 
 
  
 
  
Figure 2.3. Mule logging work phase in north of Iran: 1- loading 2- hauling 3- unloading 4- returning 
  
2.2.2. Require sample  
Acceptable require sample is 30 for inventories Scientifics (Zobeiry, 2000) regarding to 
this refer in this study decision was taken 30 or more than 30 samples for each harvesting 
alternative. Finally, with the use of following formula the required samples were considered, 
with 95% probability level of 10% accuracy. 
 
 2
22
%
%
E
St
n

                                                            (2.1) 
Where: n is number of samples, t is t-student with 95% probability level of 10% accuracy, S 
is standard deviation and E is standard error with 95% probability level of 10% accuracy. 
 
2.2.3. Data analysis to estimate productivity rates and cost 
2.2.3.1. Time study analysis by logarithmic data 
Normally scientific research works, which use time studies in forest harvesting operations, 
decide that production net time and gross time can be calculated by the orginal times which 
are gathered by time studies on field. In this study a different method is used, on which each 
measurement of time is replaced by its decadic logarithm. There are two reasons for this 
unusual and a slightly more difficult method: Firstly specialists in mathematical statistics 
1 2 
4 3 
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know that logarithms often fit better to time studies than numerical data (Sachs, 1984). 
Secondly our own experience shows that numerical data produces unsolvable contradictions 
that do not occur with logarithmic data (Erler, 1984). Therefore, in this research all the 
original data from the field time study are shifted to their logarithm on the base 10 in order to 
compute the prediction model for production and costs. 
 
What is a logarithm?  
Logarithms have been a part of mathematics for several centuries, but the concept of a 
logarithm has changed notably over the years. The origins of logarithms date back to John 
Napier, who primarily has described them in the year 1614. 
Today’s concept of logarithms might make it seem strange that logarithms really 
developed out of comparing velocities of arithmetically and geometrically moving points. 
Napier’s idea took him decades to fully develop and conclude and Briggs helped to simplify 
and enhance a useful mathematical invention. What today seems like a simple base to 
exponent relationship really has a long history of work and improvements. The natural 
logarithm further helps us to see the connection between the labors of a Scottish 
mathematician (and many others) with calculus and all it’s modern applications in 
mathematics, science, and technology. Napier’s invention of the logarithm has surely left an 
important mark in the history of mathematics. The applications derived from the calculations 
he and others developed still have relevance today. Although slide rules are now obsolete, the 
principles that allow them to work are not. The story of the development of logarithms is a 
good example of the effects that mathematical discoveries and inventions can have on society 
and the technological world (Calderon, 2008).  As logarithms can use different base units, in 
this study it was decided to use logarithms on the base 10. It calls a base ten logarithm 
because ten is the number that is raised to a power.Logarithmic Function:   
Log b M = N ↔ b
N 
= M                                               (2.2) 
log10
 
100 = 2                                                                (2.3) 
      To definition of logarithmic function we say logb M = N (read as, log of base b of M is N 
(exponent or power)), b (base) is a positive number but b ≠ 1. For example, the base ten 
logarithms of 100 is 2, because ten raised to the power (exponent) of two is 100.  
 
Why do we use logarithms? 
Highly skewed and roughly L-shaped distribution tends to occur when time scores are 
recorded for a task subject to infrequent but time consuming errors (Sachs, 1984). Can we 
assume that the data of forest time studies are normally distributed? (Fig 2.4) shows a fictive 
normal distribution in order to explain its problems: 
1- A normal distribution or in other words a bell-shaped distribution is symmetrical with 
two equal halves, each a mirror image of the other. That means that median and mode 
fall on the same point and coincides with the peak of the curve. But with bell shaped 
curves a few values occur in the extreme parts of the curve, extremely high and 
extremely low. In figure 2.4 the black triangle expresses that these low values can 
become negative, which means that extremely quick workers don’t consume but 
“earn” time, which is not possible (Erler, 2012). The consequence is that the curves 
which represent the data of time studies have to prove that they never can be negative. 
They would be steep on their left side and flat on the right side. 
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Figure 2.4. normally distributed time consumption data with arithmetic mean (Erler, 2012). 
 
2- The second problem of bell shaped normal curves is about performance; in numerical 
data arithmetic mean and performance mean are different whereas in logarithm of data 
both performance mean and arithmetic mean are congruent.  
A performance study can be formed out of a work study, when every time data is 
computed to its performance per hour. Normally we would expect that the 
performance in case of mean time is identical with the average of all performances, 
but this does not happen as far as there is a minimum of variance. Figure 2.5 presents 
the two curves, one of them the frequency distribution of time consumption values 
(normal curve of time consumption) and the other the curve of the relating 
performances of the same sample. Example: Assuming that the curve of time 
consumption is normal and can be represented by the arithmetic mean and the standard 
deviation s, this mean would be 10 Minutes and the standard deviation 5 minutes. 
Then     ̅         and       ̅          both values have the same 
distance from the mean and their likelihood is equal. Computing the performances in 
case of    the performance is 12 cycles per hour and with    the performance is only 4 
cycles per hour. Thus the performance curve on the left side is steep and on the right 
side is flat (Erler, 2012). 
 
 
 
 
  Figure 2.5. Normal distributed of time consumption and performance (Erler, 2012) 
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Table 2.3 shows an example to do a task by two employees; an employee needs only 5 
minutes for a task. Therefore, he is obviously much faster and more powerful than his 
colleague who needs 15 minutes. The fast worker’s performance is 12 times per hour while 
his slower colleague’s is only 4 times per hour. As you can see in table 2.3, we have two 
kinds of performance mean for a task (6 times/hour and 7.3 times/hour) and if these 
performances mean are recalculated to arithmetic mean we then have two different arithmetic 
mean (10 minute and 8.2 minute) instead of one arithmetic mean. 
 
               Table 2.3. Time consumption and that s performance  
Alternative Time (Minute) Performance (pieces/hour) 
powerful worker 5 12 
Weak worker 15 4 
Mean 10 7.3 
Performance mean 6 7.3 
Recalculate performance to 
arithmetic mean (minute) 
10 8.2 
 
Here we have two different means: 10 minutes as the average time consumption and 8.2 
minutes as the time for average performance. This causes a lot of problems in the 
interpretation of the statistics and shows, that the bell shaped curve for time studies cannot be 
appropriate. 
     Figure 2.6 presents a solution which solves this problem and the one which is used in the 
study (Fig 2.6). At first, the collected numerical data of the time study are shifted to their 
logarithm data based on 10 and are represented by the mean of the logarithmic data, their 
variance, and standard deviation. After calculating all statistics for the logarithmic data, they 
are then recalculated into numerical figures again. The recalculated mean in our example is 
located between the two means (it is more than 8.2 minute and less than 10 minutes). Now the 
inconsistencies disappear, the means of times and performances are congruent (Erler, 2012). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6. Diagram of normalization numerical data 
Numerical collected data 
Of time study 
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In fact, the recalculated mean of logarithmic data is the geometric mean, the geometric 
mean of a set of data {a1, a2, …, an} can be derived from the formula. 
 
     For example, to find the geometric mean of 9, 27 and 66; the first step is to multiply the 
given numbers 9 x 27 x 66, which will yield the result 16038. By taking cube root of the 
result 16038 gives the resulting Geometric Mean 25.2184. The Cubic Root is taken because of 
the use of three numbers. If the set of numbers increases the power of root also increases and 
vice versa. 
 
Dispersion factor (df) 
What is the interpretation of the standard deviation s of the logarithmic data? In the case 
of coming back to the numeric phase its numeric value df is calculated, too. Now the lower 
reversal point of the logarithmic phase     ̅    in the numeric phase remains a reversal 
point with the form    
 ̅
  
 and the upper reversal point follows the form     ̅    . 
     The dispersion factor df is an estimation of antilog thus with an increasing dispersion 
factor the arithmetic mean is shifted it the right with respect to the median, and the mode 
about twice that amount to the left (Sachs, 1984). Normally in time studies df is located 
between of 1 and 2. Dispersion factor can be computed with the formula: 
 
Dispersion factor (df) = 10
standard deviation 
                               (2.5) 
 
2.2.3.2. Calculate production and cost of extraction by skidder 
The evaluation of the cost of different harvesting alternatives is necessary to develop an 
efficient forest operation plan. This requires the estimation of production rates, equipment and 
labor costs. To do this, the harvest planner must understand the operating and cost 
characteristics of the available logging systems especially considering the tree size, skidding 
distance, and skidding direction (Jourgholami and Majnounian. 2011). 
 
2.2.3.2.1. System cost 
In order to calculate system cost, the instruction prepared for harvesting planning by 
Farim wood industry was used. Using this manual the system costs are calculated. System 
cost is the total cost of machine utilization and labour, the total machine cost is the sum of 
fixed cost and variable cost. Labour cost depends on the number of persons and salary of each 
worker and the time hired to do the work. In Iran, almost all workers in the company are hired 
with a salary which is paid monthly. Personal costs included all costs, fringe benefits and 
some bonus and rewards (Mosavi. 2008). 
     These calculations are in accordance with the machinery and instruments price list for the 
year 2012 of Wood Industry of Farim. Scheduled daily work hours were 8 hours and useful 
work hours were 7 hours per day and productivity is calculated based on 7 hours day. The 
number of work days was considered as 160 days per year.  
 
System cost = machine cost + labour cost                   (2.6) 
 
2.2.3.2.2. Unit cost 
As usual unit cost calculates from the division of system cost to average productivity per 
hour. To compute of productivity per hour two kinds of production can be calculated (Eq 2.6 
and 2.7), gross production rate and net production rate. They are calculated as follows: 
(2.4) 
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To calculate the volume of the logs, which are extracted by the skidder, Huber's formula is 
used.  
 
V = gm × L                                                                  (2.9) 
 
Where; V is log volume (m
3
), basal area of middle diameters of logs (m
2
) and L (m) is log 
length. 
 
But in this research, as mentioned above the time study numerical data is shifted to 
logarithmic data by using a consumption model which is developed on the basis of 
logarithmic time data. By using developed model simulated gross and net effective cost of 11 
skidding cycle depend on diameter of logs (DL), skidding distance (SD) and winching 
distance (WD) in TLM, LLM and SLM. Wood size and hauling distance to logging by mule 
was different than wood logging by skidder. Therefore, it was impossible compared with 
TLM, LLM and SLM under comparable conditions.  
 
2.2.3.2.3. Delay time to prediction model 
     To estimate net effective time, delay time for all alternatives was measured as following: 
 
  
 
 
Where: DPM is delay time of time consumption by prediction model in TLM, LLM and 
SLM. 
 
2.2.3.2.4. Cost depending on diameter of log (DL) 
To calculate the cost depending on the diameter of logs under maximum, mean and 
minimum of influence parameter value in table 3.7 (in result part), we simulate the value of 
influence parameter for 11 skidding cycle depending on DL in table 2.4 for TLM, table 2.5 for 
LLM and table 2.6 for SLM. While with bigger diameters the number of logs can be limited 
by the maximum power of the skidder and at small diameters the number is limited by 
handling needs, these two factors (DL and NL) were calculated together. Herewith NL was 
set on a maximum of four for all alternatives, so the NL of the simulated skidding cycles was 
between one and four logs. The minimum diameter of log on research field was 26 cm and 
maximum was 76 cm thus the diameter of 11 simulated skidding cycles was located between 
26 cm and 76 cm.  
As you can see in table 2.4 NL is in contrast with DL, causing this contrast is skidder 
power limitation or machine capacity. Therefore, it is impossible to skid the most number of 
logs with greatest diameter, because in this case the amount of wood for skidding is more than 
the skidder power.  
 
 
 
Net effective time (hour) 
Volume of extracted wood by skidder (m
3
) 
   Net production rate = 
     Gross effective time (hour) 
Volume of extracted wood by skidder (m
3
) 
        Gross production rate = 
(2.7) 
(2.8) 
        
Gross 
producti
on rate 
= 
Delay time of TLM+LLM+SLM 
3 
DPM =  (2.10) 
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Table 2.4. Influence parameter values for simulated 11 skidding cycle depend on DL in TLM 
 
Table 2.5. Influence parameter values for simulated 11 skidding cycle depend on DL in LLM 
 
Table 2.6. Influence parameter values for simulated 11 skidding cycle depend on DL in SLM 
 
In these tables the influencing parameters were DL, NL and LL (it is variable depend on 
alternative) that was variable for every cycle in TLM, LLM and SLM. While other parameter 
values were set to the mean of these parameters and it was the same for all 11 cycles in each 
alternative. Cost depending on DL was calculated as follows: 
1- Calculated time consumption for 11 simulated skidding turns  
Gross effective time 
On the basis of these tables 2.4 to 2.6 and the developed models (Eq 3.18 for TLM, Eq 
3.19 for LLM, and Eq 3.20 for SLM) that is similar to below formula (Eq 2.9) we estimated 
time consumption for 11 skidding trip depend on DL in TLM, LLM and SLM. In developed 
formula instead of the influence factors used value of them from these tables, b0 and b1 value 
are computed by regression in SPSS. For example, in Eq 2.9 if x (influence factor) was NL in 
Skidding trip No of logs Length (m) Diameter (cm
2
) Slope % Winching 
distance (m) 
Skidding 
distance (km) 
1 4 15.30 26 20 22 0.70 
2 4 15.30 31 20 22 0.70 
3 3 15.30 36 20 22 0.70 
4 3 15.30 41 20 22 0.70 
5 2.5 15.30 46 20 22 0.70 
6 2.5 15.30 51 20 22 0.70 
7 2.5 15.30 56 20 22 0.70 
8 2 15.30 61 20 22 0.70 
9 2 15.30 66 20 22 0.70 
10 1 15.30 71 20 22 0.70 
11 1 15.30 76 20 22 0.70 
Skidding trip No of logs Length (m) Diameter (cm
2
) Slope % Winching 
distance (m) 
Skidding 
distance (km) 
1 4 7.65 26 20 22 0.70 
2 4 7.65 31 20 22 0.70 
3 4 7.65 36 20 22 0.70 
4 3 7.65 41 20 22 0.70 
5 3 7.65 46 20 22 0.70 
6 2.5 7.65 51 20 22 0.70 
7 2.5 7.65 56 20 22 0.70 
8 2.5 7.65 61 20 22 0.70 
9 2 7.65 66 20 22 0.70 
10 2 7.65 71 20 22 0.70 
11 1 7.65 76 20 22 0.70 
Skidding trip No of logs Length (m) Diameter (cm
2
) Slope % Winching 
distance (m) 
Skidding 
distance (km) 
1 4 5.10 26 20 22 0.70 
2 4 5.10 31 20 22 0.70 
3 4 5.10 36 20 22 0.70 
4 3.5 5.10 41 20 22 0.70 
5 3.5 5.10 46 20 22 0.70 
6 2.5 5.10 51 20 22 0.70 
7 2.5 5.10 56 20 22 0.70 
8 2.5 5.10 61 20 22 0.70 
9 2 5.10 66 20 22 0.70 
10 2 5.10 71 20 22 0.70 
11 1 5.10 76 20 22 0.70 
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traveling loaded, x was NL in releasing, x was DL in hooking, x was WD in winching, x was 
SD in traveling loaded, x was NL in unhooking and pilling. Therefore, value of x would be as 
Eq 2.10 to estimate time consumption of first cycle of TLM depends on DL (table 2.4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Where: Ŷ, gross-time consumption (minute); x, influence parameter in skidding work phase 
(x=NL, SD, WD, LL, DL and SL). 
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Net effective time 
To calculate the net effective time for each cycle of 11 simulated cycles in TLM, LLM and 
SLM we used the formula below: 
 
Ŷnet-DL = Ŷ – DPM                                                       (2.13) 
 
Where: Ŷnet-DL is net effective time for each cycle (minute); Ŷ is gross effective time for each 
cycle depend on DL and DPM is delay time of time consumption in the prediction model. 
 
2- Calculated cost per cycle 
To calculate the cost the system cost per minute for each 11 simulated cycles in TLM, 
LLM and SLM were calculated. The system cost per minute is derived from dividing the total 
system cost per hour by 60 minutes.  
 
 
 
 
Where: SC, is system cost €/minute 
 
System Cost 
60 
SC =  (2.14) 
∑ (b0 + b1 × X) 
∑ (b0 + b1 × X) 
∑ (b0 + b1 × X) 
∑ (b0 + b1 × X) 
∑ (b0 + b1 × X) 
∑ (b0 + b1 × X) 
∑ (b0 + b1 × X) 
Traveling unloaded  
Releasing   
Hooking   
Winching   
Traveling  loaded  
Unhooking   
Pilling   
Ŷ = 10 
+ 10 
+ 10 
+ 10 
+ 10 
+ 10 
+ 10 
                                    
(2.11) 
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On the basis of estimated time consumption for each cycle the system cost per minute was 
simulated for 11 cycles in TLM, LLM, and SLM.  
 
 
CC gross-DL= SC × Ŷ                                                        (2.15) 
                                    
CC net-DL = SC × Ŷnet-DL                                                      (2.16)               
 
Where: CC gross-DL is gross-cost for each simulated skidding cycle €/ cycle; CC net is net-cost for 
each simulated skidding cycle in €/cycle; Ŷ is estimated gross-time consumption for each 
cycle (minute); Ŷnet is estimated net-time consumption for each cycle (minute) depending on 
DL, and SC is the system cost in €/minute.  
 
3- Calculated productivity for 11 simulated skidding cycles  
The productivity of 11 simulated skidding cycles is calculated by using Huber’s formula 
and multiplying it with the number of logs: 
 
VC = gm × L×NL                                                        (2.17) 
 
Where; VC is volume of extracted wood per each cycle (m
3
/turn), gm is basal area (m
2
/turn) 
and L (m) is length of log and NL is number of log.  
Value of DL (gm), L (LL) and NL for every cycle obtained from table 2.4, 2.5 and 2.6 in 
TLM, LLM and SLM. For example, extracted volume for cycle 5 calculated as below: 
 
              V5TLM = (0.46)
2 
× 15.30× 2                      
              V5LLM = (0.46)
2 
× 7.65× 3                              
              V5SLM = (0.46)
2 
× 5.10× 3.5 
 
4- Cost per extraction of one cubic meter of wood (unit cost) 
Using the results of steps 2 and 3 we estimated the unit cost or cost per extraction of one 
cubic meter of wood for all 11 cycles in TLM, LLM and SLM.  
 
PC
CC
UC
DLgross
DLgross

     
 
PC
CC
UC DLnetDLnet

   
 
Where: UCgross-DL, gross-unit cost €/m
3
; UCnet-DL, net-unit cost €/m
3
; CCgross-DL is gross-cost 
per cycle; CCnet-DL is net-cost per cycle depend on DL and PC, productivity of each cycle m
3
. 
 
For example, gross- unit cost of cycle 5 in TLM was as below: 
 
 
 
 
Where: UC5, unit cost cycle 5 in TLM €/m
3
; SC, is system cost €/minute and Ŷ5 is estimated 
time consumption for cycle 5 in TLM. 
 
 
(2.18) 
 (2.19) 
(2. 20) 
SC × Ŷ5 
V5TLM = (0.46)
2 
× 15.30× 2   
UC5 = 
34 
 
2.2.3.2.5. Evaluated cost depending on skidding distance (SD) 
Developed tables for cost of 11 simulated skidding cycles which depend on the skidding 
distance were 2.7, 2.8 and 2.9 for TLM, LLM and SLM, respectively. To estimate the time 
depending on SD, SD was the variable parameter, while the other parameters were set to the 
mean value from table 3.7. 
 
Table 2.7. Influence parameter values for simulated 11 skidding cycle depend on SD in TLM 
 
Table 2.8. Influence parameter values for simulated 11 skidding cycle depend on SD in LLM 
 
Table 2.9. Influence parameter values for simulated 11 skidding cycle depend on SD in SLM 
 
The unit cost depending on skidding distance is calculated with following steps: 
1- Estimated time consumption for 11 skidding cycles depending on SD  
Gross effective time 
Using the developed model (Eq 3.18 for TLM, Eq 3.19 for LLM, and Eq 3.20 for SLM) for 
each alternative that was similar Eg 2.9 and tables 2.7, 2.8 and 2.9, the gross-time 
Skidding trip No of logs Length (m) Diameter (cm
2
) Slope % Winching 
distance (m) 
Skidding 
distance (km) 
1 2.5 15.30 51 20 22 0.20 
2 2.5 15.30 51 20 22 0.30 
3 2.5 15.30 51 20 22 0.40 
4 2.5 15.30 51 20 22 0.50 
5 2.5 15.30 51 20 22 0.60 
6 2.5 15.30 51 20 22 0.70 
7 2.5 15.30 51 20 22 0.80 
8 2.5 15.30 51 20 22 0.90 
9 2.5 15.30 51 20 22 1.00 
10 2.5 15.30 51 20 22 1.10 
11 2.5 15.30 51 20 22 1.20 
Skidding trip No of logs Length (m) Diameter (cm
2
) Slope % Winching 
distance (m) 
Skidding 
distance (km) 
1 2.5 7.65 51 20 22 0.20 
2 2.5 7.65 51 20 22 0.30 
3 2.5 7.65 51 20 22 0.40 
4 2.5 7.65 51 20 22 0.50 
5 2.5 7.65 51 20 22 0.60 
6 2.5 7.65 51 20 22 0.70 
7 2.5 7.65 51 20 22 0.80 
8 2.5 7.65 51 20 22 0.90 
9 2.5 7.65 51 20 22 1.00 
10 2.5 7.65 51 20 22 1.10 
11 2.5 7.65 51 20 22 1.20 
Skidding trip No of logs Length (m) Diameter (cm
2
) Slope % Winching 
distance (m) 
Skidding 
distance (km) 
1 2.5 5.10 51 20 22 0.20 
2 2.5 5.10 51 20 22 0.30 
3 2.5 5.10 51 20 22 0.40 
4 2.5 5.10 51 20 22 0.50 
5 2.5 5.10 51 20 22 0.60 
6 2.5 5.10 51 20 22 0.70 
7 2.5 5.10 51 20 22 0.80 
8 2.5 5.10 51 20 22 0.90 
9 2.5 5.10 51 20 22 1.00 
10 2.5 5.10 51 20 22 1.10 
11 2.5 5.10 51 20 22 1.20 
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consumption is calculated for each cycle of 11 simulated cycles in TLM, LLM and SLM. In 
the developed model for each alternative instead x (influence parameter) we used the value of 
the influence parameter from table 2.7, 2.8 and 2.9 (as mentioned above DL part) in TLM, 
LLM and SLM. 
Net effective time 
     The net- effective time for each cycle of 11 simulated cycles in TLM, LLM and SLM are 
estimated as follows: 
 
Ŷnet-SD = Ŷ – DPM                                                       (2.21) 
 
Where: Ŷnet-SD is net effective time for each cycle (minute); Ŷ is gross effective time for each 
cycle depend on SD and DPM is delay time of time consumption by prediction model. 
 
2- Calculated cost per cycle  
     To calculate each cycle cost, we estimate the system cost per minute (Eq 2.11) and use Eq 
2.19 for gross-cost and Eq 2.20 for net-cost per cycle depending on SD in TLM, LLM and 
SLM.  
 
CCgross-SD= SC × Ŷ                                                              (2.22)               
CC net-SD = SC × Ŷnet                                                           (2.23)               
 
Where: CC gross-SD is gross-cost for each simulated skidding cycle €/ cycle; CC net-SD is net-cost 
for each simulated skidding cycle €/cycle; Ŷ is estimated gross-time consumption for each 
cycle (minute); Ŷnet-SD is estimated net-time consumption for each cycle (minute) depending 
on SD and SC, is system cost €/minute  
 
3- Calculated productivity for 11 skidding cycles 
     On the basis of this formula the productivity of 11 skidding cycles is calculated in TLM, 
LLM and SLM.   
 
VC = gm × L×NL                                                        (2.24) 
 
     Where; VC is volume of extracted wood per each cycle (m
3
/turn), gm is basal area 
(m
2
/turn) and L (m) is length of log and NL is number of log.  
Value of DL (gm), L (LL) and NL for every cycle obtained from table 2.7, 2.8 and 2.9 in 
TLM, LLM and SLM.  
 
4- Cost per cubic meter 
     To estimate the gross-unit cost and net-unit cost depending on the skidding distance we 
used the results of steps 2 and 3 of SD. To calculated gross-unit cost, gross-cost of each cycle 
was divided by productivity of that particular cycle (Eq 2.22). In order to get the net-unit cost, 
the net-cost of each cycle is divided by the productivity of that particular cycle (Eq 2.23) in 
TLM, LLM and SLM.  
 
PC
CC
UC
SDgross
SDgross

    
 
PC
CC
UC SDnetSDnet

   
 (2.25) 
(2.26) 
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Where: UCgross-SD, gross-unit cost €/m
3
; UCnet-SD, net-unit cost €/m
3
; CCgross-SD is gross-cost 
per cycle; CCnet-SD is net-cost per cycle; and PC, productivity of each cycle m
3
. 
 
2.2.3.2.6. Evaluated cost depending on winching distance (WD) 
Table 2.10, 2.11 and 2.12 shows the arithmetic mean of all factors, while in this case the 
only variable parameter is WD.  Minimum of winching distance in table 3.7 was the average 
of minimum winching distance and maximum was the average of maximum winching 
distance in TLM, LLM and SLM on the research field. 
 
Table 2.10. Influence parameter values for simulated 11 skidding cycle depend on WD in TLM 
 
Table 2.11. Influence parameter values for simulated 11 skidding cycle depend on WD in LLM 
 
Table 2.12. Influence parameter values for simulated 11 skidding cycle depend on WD in SLM 
 
 
 
Skidding trip No of logs Length (m) Diameter (cm
2
) Slope % Winching 
distance (m) 
Skidding 
distance (km) 
1 2.5 15.30 51 20 2 0.70 
2 2.5 15.30 51 20 6 0.70 
3 2.5 15.30 51 20 10 0.70 
4 2.5 15.30 51 20 14 0.70 
5 2.5 15.30 51 20 18 0.70 
6 2.5 15.30 51 20 22 0.70 
7 2.5 15.30 51 20 26 0.70 
8 2.5 15.30 51 20 30 0.70 
9 2.5 15.30 51 20 34 0.70 
10 2.5 15.30 51 20 38 0.70 
11 2.5 15.30 51 20 42 0.70 
Skidding trip No of logs Length (m) Diameter (cm
2
) Slope % Winching 
distance (m) 
Skidding 
distance (km) 
1 2.5 7.65 51 20 2 0.70 
2 2.5 7.65 51 20 6 0.70 
3 2.5 7.65 51 20 10 0.70 
4 2.5 7.65 51 20 14 0.70 
5 2.5 7.65 51 20 18 0.70 
6 2.5 7.65 51 20 22 0.70 
7 2.5 7.65 51 20 26 0.70 
8 2.5 7.65 51 20 30 0.70 
9 2.5 7.65 51 20 34 0.70 
10 2.5 7.65 51 20 38 0.70 
11 2.5 7.65 51 20 42 0.70 
Skidding trip No of logs Length (m) Diameter (cm
2
) Slope % Winching 
distance (m) 
Skidding 
distance (km) 
1 2.5 5.10 51 20 2 0.70 
2 2.5 5.10 51 20 6 0.70 
3 2.5 5.10 51 20 10 0.70 
4 2.5 5.10 51 20 14 0.70 
5 2.5 5.10 51 20 18 0.70 
6 2.5 5.10 51 20 22 0.70 
7 2.5 5.10 51 20 26 0.70 
8 2.5 5.10 51 20 30 0.70 
9 2.5 5.10 51 20 34 0.70 
10 2.5 5.10 51 20 38 0.70 
11 2.5 5.10 51 20 42 0.70 
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1- Calculated time consumption for 11 simulated skidding cycles  
Gross effective time 
     To simulate the time consumption for each cycle in TLM (Eq 3.18), instead of x in the 
developed model (that is similar Eq 2.9) we inserted an x value from table 2.10; in the 
developed model in LLM (Eq 3.19), the x value was in table 2.11 and in SLM (Eq 3.20), the x 
value was in table 2.12. Therefore, the gross-time consumption for each cycle in TLM, LLM 
and SLM was estimated by used developed models for each alternative and influence 
parameter value in this table.  
Net effective time 
     To estimate the net effective time for each simulated cycle in TLM, LLM and SLM we 
used the formula below: 
 
Ŷnet-WD = Ŷ – DPM                                                      (2.27) 
 
Where: Ŷnet-WD is net effective time for each cycle (minute); Ŷ is gross effective time for each 
cycle depending on WD; and DPM is delay time of time consumption by prediction model. 
 
2- Calculated cost per cycle  
     By used below formulas each cycle gross-cost and net-cost in TLM, LLM and SLM. 
 
CCgross-WD = SC × Ŷ                                                             (2.28)               
CC net-WD = SC × Ŷnet-WD                                                     (2.29)               
 
Where: CC gross-WD is gross-cost for each simulated skidding cycle €/ cycle; CC net-WD is net-cost 
for each simulated skidding cycle €/ cycle; Ŷ is estimated gross-time consumption for each 
cycle (minute); Ŷnet-WD is estimated net-time consumption for each cycle (minute) depend on 
WD; and SC is system cost €/minute.  
 
3- Calculated productivity for 11 skidding cycles  
The productivity of each skidding cycle is calculated by the formula below for TLM, LLM 
and SLM:  
 
VC = gm × L×NL                                                        (2.30) 
 
Where; VC is volume of extracted wood per each cycle (m
3
/turn), gm is basal area (m
2
/turn) 
and L (m) is length of log, and NL is number of log.  
Value of DL (gm), L (LL) and NL for every cycle obtained from table 2.10, 2.11 and 2.12 in 
TLM, LLM and SLM.  
 
4- Cost per cubic meter 
On the basis of the gross-time consumption and the net-time of each cycle and the 
productivity of that cycle the gross-unit cost (Eq 2.28) and the net-unit cost (Eq 2.29) for each 
simulated cycle in TLM, LLM and SLM were calculated.  
 
PC
CC
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WDgross
WDgross

    
 
PC
CC
UC WDnetWDnet

   
 
(2.31) 
(2.32) 
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Where: UCgross-WD, gross-unit cost €/m
3
; UCnet-WD, net-unit cost €/m
3
; CCgross-WD is gross-cost 
per cycle; CCnet-WD is net-cost per cycle; and PC, productivity of each cycle m
3
. 
 
2.2.3.3. Cost of wood extraction by animal (Mule) 
In this case cost result could not be compared with the other alternatives by modeling 
because the size of the wood (diameter, Length) in this method was quite different from that 
in TLM, LLM and SLM.  
     The cost of extraction by mule in case study did not really depend on external influence 
parameters; it was per turn of extraction cycle. Therefore, the cost was not calculated by the 
developed model. The logarithm model developed just for this method indicates influence 
parameters in mule logging cost in the case study. Cost of each cycle of extraction by mule 
was 3.16 Euro. In this study 4.414 m
3 wood extracted in 48 considered cycles by mule. 
 
2.2.4. Residual damage  
To assess the damage to seedling and standing trees a 100% inventory method was 
employed in pre- hauling and post- hauling, alongside the skidding trails, winching strips and 
mule hauling direction with a width of 12 m (Fig 2.7). Roadbed of skidding trails was used 
clear of regeneration and tree but the ground of winching strip is some part of forest land with 
regeneration and trees due to residual damage compared according to quantifying and 
disturbance type location (skid trails and winching strips). Therefore, After skidding and 
winching logs, seedlings and trees in the skidding trails and winching strips inventoried and 
evaluated separately.  
 
 
 
 
 
 
 
 
Figure 2.7. width of inventory area on winching area and alongside of skidding trail 
 
2.2.4.1. Per- harvest  
    To carriy out a pre-harvesting 100% inventory on winching strips, alongside of skidding 
trails and mule hauling direction, identification of  the mule hauling direction, winching strips 
and skidding trails is necessary. Therefore, before skidding operations, landing locations and 
major extraction routes and winching routes were identified by the skidder operator or chaser 
man and marked. The skidding distance and winching distances of tree on stumps and logs 
were measured by a tape and recorded on paper. To count the total trees alongside of the 
skidding trails we started walking on the skidding trails from the start point of the skidding 
trails (it was close to the landing area) to the end point of the skidding trails and also on the 
winching strips, all trees greater than 10 cm in diameter at breast height (DBH) within 6 m of 
the centerline of skidding trails were counted.  
The slope of the skidding trails was messured from the end of skidding trail to landing in 
25 m intervals (it was measured in the  travelling loaded direction). The winching area slope 
was measured from the skidder location on skidding trails to bunch of logs. 
     The total seedling and regeneration alongside of the skidding trails and on the winching 
area also were surveyed. Moreover the number of seedling in the survey area, height of 
seedling was also measured and according to height classified in three classes:  
1- In first height classification total seedling height was less than 0.5 m (0.5>h). 
6 m 
Width of skidding trail 
or winching strip 
6 m 
Width of 100 % 
inventory 
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2- In second height class, seedling height was above than 0.5 m and less than 2 m 
(0.5<h<2). 
3- In third classification, all seedling that height was above 2 m and less than 10 m 
(diameter less than 12 cm) located in this class (2<h<10).  
 
2.2.4.2. Post- harvest  
        After finishing the logging operation, a field study was carried out again to analyse the 
residual trees and stand regeneration. The total number of damaged trees and seedlings were 
counted in the mule hauling direction, alongside the skidding trails and in the winching areas 
(in approaching as mentioned the pre-harvesting operation).  
The damage to seedlings was characterized by height (in three height classes) as mentioned 
in pre-harvesting part and wound type. The wound type of damaged regeneration was 
classified in four classes. 
1- Wound: Most parts of the stem are damaged or seedling destroyed  
2- Semi- wound: some parts of the stem and leaves are damaged 
3- Broken top  
4- Crushed sapling.   
The damage to standing trees was  recorded by the number of injuries (number of damaged 
trees and number of wounds per damaged tree), the location of the wound to each tree and the 
degree of the wound. 
Location of wound on bole (Fig 2.8) was classified in three parts as follows: 
1- Root: location of wound was on root 
2- On the bole (2>h m): in this case location of wound was on the bole but located under 
below  a height of two meters. 
3- On the bole (above 2 m): injury was located above two meters height on the bole. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8. location of wound on bole of damaged tree 
 
Wound degree (intensity) classified in two classes (Fig 2.9): 
1- Light:  in light injury, damage was to the bark of the damaged tree where the bark was 
scratched and or the  bark squeezed. 
2- Deep: in deep damage the bark of tree was removed and wood or to the cambium layer 
of the tree damaged or the wound area was greater than 100 cm
2
. 
 
2>h m 
2˂h m 
On root  
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Figure 2.9. intensity of inury 1: light damage on root, 2: deep damage on root , 3: light damage on bole, 4: deep 
damage on bole. 
 
The standing tree damage and seedling damage on winching area and alongside the 
skidding trails were compared by: 
1- Quantifying the  residual damage 
2- Amount of residual damage due to extraction per m3 wood. 
      Morever, considering residual damage by quantity, paired t- test were employed to test 
number of healthy residual pre-harvesting and post harvesting in winching area and alongside 
of skidding trail. Paired t-test used to compared pre and post data, if p-value p˂ 0.05, it’s 
showed that pre and post data is significantly difference. 
 
2.2.4.3. Multiplecriteria Approval (MA) 
     At finally, to chose the best alternative depending on damage in the stands Analysis of MA 
(multiple criterial approval) and Sensitivity analysis of MA (Palander and Laukkanen, 2006; 
Lankkanen et al. 2004 and 2005) were used.  
Multicriteria approval (MA) is an application of approval voting specifically developed for 
multi-criteria decision support. A basic version of MA is a decision support system for one 
decision-maker (Lankkanen et al, 2004). 
     In MA, first the criteria values for the timber harvesting alternatives were determined  and 
next step approval limits was defined for each criteria. Based on the limits, alternatives are 
defined to be approved (+) or disapproved (-) with respect to each criteria. The limit between 
approval (+) and disapproval (-) for each criteria is the mean value, but the median of the 
criteria values can be used (Palander and Laukkanen, 2006). In this study, both of limits 
median values and mean values were used. The composite criteria for standing damage were 
1 2 
3 4 
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C1: damage of standing tree -skidding %, C2: damage of Standing tree -Winching %, C3: 
damage of regeneration -skidding %, C4: damage of regeneration -Winching %, C5: Total 
tree damage %, C6: Total seedling damage %, C7: One damaged tree per productivity rate 
m3, C8: One damaged regeneration per productivity rate m3, C9: Damage degree (tree)% and 
C10: Damage degree (reneration)%. 
 
2.2.4.3.1. Analysis of MA  
To analysis of MA, aproval limits was median for each criteria. In this study, in order to 
define the approval (+) and disapproval (-) at quantity criteria, for each criterion the values 
was marked as approved (+), if the value was above the median value or equal it, and it was 
marked as disapproval (-), if the median was less. At the value was expressed in percentages, 
the mark was (+) if criteria values were less then median value or equal to it be  and above it 
was (-). 
     To chose the best alternative, approval (+) for each alternative were added up. That 
alternative with the highest number was regarded as the optimal alternative. 
 
2.2.4.3.2. Sensitivity analysis of MA  
In case of sensitivity analysis of MA approval the borderline was its mean; if criterion 
values was above than mean value or equal to it the mark was set to (+), which means 
approval, and less than mean was marked as disapproval (-). At percentage value criteria, if 
criteria values was less then mean value or equal it was  (+) and above it was (-). 
To chose the best alternative in analysis of MA and sensitivity analysis of MA with respect to 
all criteria which alternative had been higher approvals (+) it is acceptable between all 
alternatives. The alternative that was dominate in approval was the best altenative in 
sensitivity analysis of MA. 
 
2.2.5. Soil damage  
A productive forest soil is typically a mixture of mineral particles, plant and animal matter, 
air, water, and associated nutrient elements. Less than half of a given volume of soil in a 
physical condition favorable for most plants is solid material, with the rest being pore space 
containing varying amounts of air and water (Fig 2.10) (Adams and Froehlich.1981).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10. Typical distribution of major physical components (percent of total bulk volume) in the surface 
mineral horizon of a productive Coast Range forest soil (Adams and Froehlich.1981). 
 
2.2.5.1. Soil compaction  
     Compaction is one of the key physical processes that is affected by forest management and 
can influence soil productivity in forest soils (Maynard and Curran, 2007). Logging and other 
mechanized forestry activities often lead to soil compaction, which can reduce seedling and 
residual tree growth and promote surface erosion (Adams and Froehlich 1981).  
42 
 
Several techniques have been used to evaluate compaction: penetrometer resistance, water 
infiltration, nuclear densitometry, and bulk density measurement. Bulk density is the most 
direct and well known method. Several methods have been used to measure bulk density: soil 
clod, core sampling, and volume excavation. Core sampling is the most common technique 
for measuring bulk density in agricultural and forest soils. A field core sampling tool is used 
wherein a cylinder is driven into the soil (Lichter and Costello 1994).  
Soil bulk density (BD) is the ratio of mass of dry solids (net weight) to bulk volume of soil. 
Bulk density, expressed as Mg/m3 or g/cm3, is commonly used to measure soil compaction 
(Miller et al. 2001).  
To determine the degree of soil compaction a core sampling technique of bulk density was 
used. The soil samples were gathered by a random systematic sampling method using 12.8 cm 
high steel cylinders 9.8 cm in diameter from 10 cm depth and were put in double plastic, and 
then labeled samples were brought to a laboratory from the research area. Litter mass were 
taken from sample area surface before taken soil sample.  
Soil samples collected from the horizontal face of a soil pit at 10 cm depths soil core, at 50 
m intervals on skid trials, in winching strips and control are (no vehical pass) in hauling 
direction of mule soil samples was taken in 10 m inerval. In this study, 33 bulk density 
samples in control, 23 samples on skidding trail and 23 samples on winching strips in TLM, 
30 soil samples on skidding trails and 21 samples on winching strips in LLM, 19 samples on 
skidding trail and 20 soil samples on winching stips in SLM and 10 bulk density sample were 
taken. Samples on skidding trails were taken from wheel track; on winching strips soil 
samples were taken from created streak by winching logs, in mule soil sample were taken 
from created streak by mule passes and to control taken from forest area (Fig 2.11). To 
compute the percentage of moisture by laboratory technique samples were oven-dried at 110 
± 5 °C until for 24 hour to a near constant weight. After drying coarse elements such as roots, 
woods and stones were separated from soil and the parameters such as percentage of moisture 
content, soil dry bulk density increase (%) were determined.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.11. samples point location on skidding trails, winching strips and mule hauling way 
 
Soil dry density was calculated from the measurements of wet soil density and percentage 
of soil moisture content. To determine the soil wet density and soil dry density the following 
formulas were used: 
 
  
V
Ww
w                                                                      2.33 
Where, γw is soil wet density; Ww is wet weight of soil samples; V is volume of wet weight of 
soil samples. 
 
Winching strip 
Created streak by winching logs  
Sampling 
 point 
Mule hauling way 
Created streak by mule pass  
Sampling  
point 
Width skidding trail 
Wheels track  
Sampling  
point 
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w
w
d


1

                                                                2.34 
 
Where: γd is Soil dry density; γw is soil wet density; w is percentage of soil moisture content.  
Soil moisture content was calculated with the formula: 
 
  100
)(



w
ww
W
DW
w                                                  2.35 
Where: w is soil moisture content (%); Ww is wet weight of soil sample (g); Dw is wet weight 
of soil sample (g). 
 
2.2.5.2. Soil disturbance  
Soil disturbance had occurred when soil A-horizon puddled and mixed with forest floor 
organic debris or soil a horizon removed and the rest mixed with B-horizon. In order to 
determine the post-harvesting extent of disturbance from skidding operations, on skidding 
trails the disturbed widths were measured at 50 m intervals along the skid trails. In winching 
area where the winched logs created a streak of displaced soil, the width of displaced streak 
measured was measured at 5 m interval along the winching strips; In mule hauling direction 
width of created a streak by mule foot track was measured at 10 m interval; the dimension of 
the landing area was measured by tape and calculated by geometric formula (depend on shape 
of landing area)   in TLM, LLM and SLM.   
 
2.2.5.3. Soil Statistical analysis 
2.2.5.3.1. One-Sample Kolmogorov-Smirnov Test  
Before analysis, data should be checked for normality by drawing a frequency distribution 
graph. If the data is normally distributed, then we can use parametric statistics; otherwise, we 
need to apply non-parametric statistics (Piano. 2012). There are three tests to checking 
normality (1) the chi-square test, (2) the method based on the standardized 3
rd
 and 4th 
moments, and specially (3) the Liliefors method with the Kolmogorov-Smirnov test (Sachs, 
1984). In this investigation, to test the assumption of normality of data used one sample the 
Kolmogorov- Smirnov test by SPSS is chosen. If p- value is more than 0.05 (p ˃ 0.05) the 
data can be assessed to be normal. 
 
2.2.5.3.2. Analysis of variance (ANOVA) 
  To compare increased average bulk density between alternatives applied one way ANOVA 
and Duncan test with a 95 % confidence level are used. Analysis of variance (ANOVA) is the 
most commonly used technique for comparing the means of groups of measurement data. The 
statistical null hypothesis (H0) is that the means of the measurement variable are the same for 
the different categories of data; the alternative hypothesis (H1) is that not all the treatment 
means are equal and at least one of the means is different from the others. If p-value is more 
than 0.05 (p ˃ 0.05) then the null hypothesis can be rejected because data showed a significant 
difference between the alternatives. Dennett’s test is one of a number of a post hoc test in 
SPSS and run after a significant one-way analysis of variance (ANOVA) to determine which 
differences are significant.  
     To compare the related control area with each alternative the Dunnett t test was used. The 
Dunnett t-test compares the mean of each alternative with the control. In Dunnett t test if p-
value is more than 0.025 (p ˃ 0.025) shows an insignificant difference between the 
alternatives. 
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2.2.5.3.3. Soil compaction and slope gradient 
    General linear model was applied to relate the increasing bulk density and the slope 
gradient. To realize correlation between increase soil bulk density and slope gradient and 
correlation between soil compaction and soil moisture content (%) Pearson correlation test 
was applied. In statistics, the Pearson correlation coefficient is a measure of the linear 
correlation (dependence) between two variables. In general, values for the Pearson 
Correlation are between -1 and 1, result of -1 means that there is a perfect negative correlation 
between the two values at all, while a result of 1 expresses a perfect positive correlation 
between the two variables, and result of 0 means that there is no linear relationship between 
the two variables. 
1-  High correlation: 0.5 to 1.0 or -0.5 to 1.0 
2- Medium correlation: 0.3 to 0.5 or -0.3 to 0.5 
3- Low correlation: 0.1 to 0.3 or -0.1 to -0.3  
 
2.2.5.3.4. Soil disturbance analysis 
     To analyze results of numerical data Pearson correlation test was applied to known width 
of soil disturbance area related to slope, diameter of logs and length of logs.  
 
2.2.5.4. Multiplecriteria Approval (MA) 
     To choice the best logging method depends on soil damage applied multiple criteria 
approval (MA) as mentioned in residual damage part. 
In this part, also both of limits median values and mean values were used. The composite 
criteria for soil damage were C1: Soil compaction by skidding%; C2: Soil compaction by 
winching %; C3: Disturbed area to total area on skidding area%; C4: Disturbed area to total 
area on winching area%; C5: Disturbed area to skidding one cubic meter wood m2 and C6: 
Disturbed area to winching one cubic meter wood m
2
. 
 
2.2.5.4.1. Analysis of MA  
To analysis of MA as mentioned in damage part aproval limits was median, to difined 
approval (+) and disapproval (-) at both quantity criteria and percentage, if criteria values and 
percentage value was less than median value or equal it, they approvals (+) and if above than 
median was disapprovals (-).  
To choice best logging alternative, approval (+) for each logging method were added up 
and which alternative was dominate in approval (+), it was win and best logging alternative. 
 
2.2.5.4.2. Sensitivity analysis of MA  
     For sensitivity analysis of MA the mean was approval limits, The both quantity data and 
percentage value was less than mean or equal it, was (+) and more than mean was (-). Each 
logging method was dominant in approval (+) that was selected best logging alternative 
depend on soil damage. 
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3. RESULT 
3.1. Statistical arithmetic mean and logarithmical mean 
Table 3.1 shows the value of collected numerical data of the time study, value of their 
logarithm data based on 10 and value of recalculated logarithm data to numerical again.  As 
you can see in this table value of recalculated logarithm is less than time study data (as 
mentioned in method chapter) thus mean would be move to left side and left side get steep.  
 
Table 3.1. Statistical parameter value to compare  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2. Required samples 
Following Zobiri 30 samples is acceptable for inventories (Zobiri, 2000). Therefore for all 
harvesting alternatives 30 sample plots or more were measured. Table 3.2 shows the observed 
samples and the number of required sample. Except for LLM, where the variability in the 
measured samples was so high that the probability level is only 90%, for TLM, SLM and 
mule the probability exceeds 95%. 
 
Table 3.2. Observed samples and Number of required sample 
Harvesting alternative TLM LLM SLM Mule 
Standard Deviation 3.447 11.076 3.544 1.394 
Observed samples 30 31 41 48 
Required samples (E= 10% and probability 95 %) 13 63 17 34 
Required samples (E= 10% and probability 90%)  18   
Probability more than 95% 90 % 95 % 95 % 
 
3.3. Time consumption: 
3.3.1. Delay time in prediction model 
As mentioned in the methodological part, the delay time to the prediction model is 
estimated by using the average of delay time in time study in TLM, LLM and SLM. 
Harvesting 
method 
Work phase Statistical parameter 
Arithmatice Mean 
of numeric data 
Arithmatice Mean of 
logarithm 
Geomatic Mean of 
recalculated logarithm 
  
TLM 
Empty traveling 6,86 0,83 6,72 
Release 0,88 -0,15 0,70 
Hooking 0,79 -0,24 0,58 
Winching 2,77 0,32 2,07 
Travel loaded 6,99 0,83 6,74 
Unhooking 0,18 -0,77 0,17 
Pilling 0,69 -0,23 0,59 
 
LLM 
Empty traveling 11,31 1,00 10,11 
Release 1,93 0,17 1,49 
Hooking 
1,83 0,02 
1,05 
Winching 1,69 -0,73 0,19 
Travel loaded 8,95 0,92 8,35 
Unhooking 0,24 -0,75 0,18 
Pilling 0,75 -0,16 0,69 
 
SLM 
Empty traveling 4,93 0,68 4,78 
Release 1,10 -0,02 0,95 
Hooking 1,84 0,18 1,50 
Winching 2,26 0,09 1,23 
Travel loaded 6,67 0,80 6,31 
Unhooking 0,25 -0,76 0,18 
Pilling 1,11 -0,03 0,93 
Extraction 
by mule 
Travel unloading 1,21 0,06 1,14 
Loading 1,45 0,15 1,40 
Travel loading 1,21 0,04 1,10 
unloading 0,94 -0,06 0,86 
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Where: DT is delay time for TLM, LLM and SLM. 
 
3.3.2. TLM time consumption  
Table 3.3 shows the results of two kind of skidding time consumptions: the estimated gross 
effective time by the logarithm model and the measured time (real time) on field by time 
study techniques in TLM. Herewith the measured real time in the time study was higher than 
the estimated time by the logarithmic model (according to the method the recalculated 
logarithm to numeric time has to be lower than the real time because the geometric means that 
all time is situated left to of the arithmetic mean). The Relationship between estimated time 
and real time was 92% for travel unloaded, 82% for releasing, 73% for hooking, 75% for 
winching, 99% for travel loaded, 93% for unhooking and 85% for pilling. The estimated time 
for one skidding trip was 17.78 and the measured time was 19.17 minutes and their ratio was 
92.75 %. Most time of the time consumption was caused by traveling unloaded (38% in the 
time study and 36% in the prediction model) and traveling loaded (time study 39% and 
prediction model 36%).  
 
         Table 3.3. Measured time and estimated time in TLM 
Time 
consumption 
Skidding work phase 
Empty 
traveling 
Releasing Hooking Winching Traveling 
loaded 
Unhooking Pilling Total Delay 
Mesured time 
(minute) 
6.86 0.88 0.79 2.78 6.99 0.18 0.69 19.17 11% 
Mesured time 
% 
38 4 3 12 39 1 3   
Estimated 
time (minute) 
6.71 0.72 0.58 2.09 6.92 0.17 0.59 17.78 12.7% 
Estimated 
time % 
36 5 4 14 36 1 4   
Relasionship 
% 
92 82 73 75 99 93 85 92.75  
 
On average, 11 % of gross effective time of the time study was delay time, under which 
6% was given by personal, 14% by mechanical and 80% by operational reasons (Fig 3.1). By 
using delay time of TLM, LLM and SLM in the time study the estimated delay time for 
logarithmic model was 12.7 % in TLM, LLM and SLM. 
 
 
Figure 3.1. Delay time in TLM 
operational 
80% 
mechanical 
14% 
personal 
6% 
TLM 
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3.3.3. LLM time consumption  
The gross effective time estimated by the logarithmic model and the measured time for 
skidding elements in LLM are shown in table 4.3. The relationship between the estimated 
time and the real time was 93% for traveling unloaded, 85% for releasing, 57% for hooking, 
84% for winching, 99% for traveling loaded, 69% for unhooking and 90% for pilling. In the 
logarithmic model the estimated time for one skidding cycle was 24.28, whilst the measured 
time was 26.69 minutes (correlation about 91%). The most important part of the skidding 
cycles was the traveling unloaded with about 42% and 43% of the total time in the time study 
and the prediction model, respectively (table 3.4).  
 
         Table 3.4.  Measured time and estimated time in LLM 
Time 
consumption 
Skidding work phase 
Empty 
traveling 
Releasing Hooking Winching Traveling 
loaded 
Unhooking Pilling Total Delay 
Measured time 
(minute) 
11.31 1.92 1.83 1.69 8.95 0.24 0.75 26.69 12% 
Measured time 
% 
42 7 7 6 34 1 3   
Estimated time 
(minute) 
10.51 1.63 1.04 1.42 8.83 0.17 0.68 24.28 12.7% 
Estimated time 
% 
43 7 4 6 36 1 3   
Relationship % 93 85 57 84 99 69 90 91  
 
The arithmetic mean of the delay time in LLM time study was 12% of the total time for 
one skidding cycle. It was 21 %, 23 % and 56 % for personal, mechanical and operational, 
respectively (Fig 3.2).  
 
 
Figure 3.2. Delay time in TLM 
 
3.3.4. SLM time consumption  
The gross effective time estimated by the logarithmic model and the real time results are 
indicated in table 4.4. About 97% is for traveling unloaded, 86% for releasing, 82% for 
hooking, 83% for winching, 95% for traveling loaded, 70% for unhooking and 84% for 
pilling was in dense correlation between estimated time and measured time. The overall 
estimated time by the model for one skidding cycle was 15.80, whilst the measured time was 
17.25 minutes. The most important part in SLM was the traveling loaded with about 39% and 
40% of total time, respectively (table 3.5).  
 
 
 
 
personal 
delay 
21% 
mechanical 
delay 
23% 
operational 
delay 
56% 
LLM 
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         Table 3.5.  Measured time and estimated time in SLM 
Time 
consumption 
Skidding work phase 
Empty 
traveling 
Releasing Hooking Winching Traveling 
loaded 
Unhooking Pilling Total Delay 
Measured time 
(minute) 
4.92 1.10 1.84 1.36 6.67 0.25 1.11 17.25 15% 
Measured time 
% 
29 6 11 8 39 1 6   
Estimated time 
(minute) 
4.79 0.95 1.51 1.13 6.31 0.17 0.93 15.80 12.7% 
Estimated time 
% 
30 6 10 7 40 1 6   
Relationship % 97 86 82 83 95 70 86 91.6  
 
On average, 15% of the total measured time was delay, from which 12 % is for personal, 
27 % for mechanical and operational for 61 % reasons (Fig 3.3).  
 
 
Figure 3.3. Delay time in SLM 
 
3.3.5. Mule time consumption  
Table 3.6 indicates the results of gross effective time means estimated by the logarithmic 
model and real time measurement. The relation between estimated time by logarithmic model 
and the measured time by the time study was 91 % for return (traveling unloaded), 97 % for 
loading, 82 % for hauling (travelling loaded) and 93 % for unhooking at each mule wood 
extraction cycle. The total time, which was estimated by the prediction model, takes 4.38 
minutes, whilst the measured time in the field was 4.83 minutes. 1.1 % of the total time was 
delay time by extraction by mule. The delay time in the time study was used also for the 
prediction model. The most important part in mule hauling was the loading part with about 
30% of total time in the time study and about 32% of the total time consumption in the 
prediction model (table 3.6). 
 
Table 3.6. Measured time and estimated time in Mule 
Time consumption Skidding work phase 
Loading  Hauling  Unhooking Return  Total Delay 
Measured time (minute) 1.47 1.22 0.94 1.21 4.83 1.1% 
Measured time % 30 25 20 25   
Estimated time (minute) 1.42 0.99 0.87 1.10 4.38 1.1% 
Estimated time % 32 23 20 25   
Relationship % 97 82 93 91 91  
 
1.1 % of total time was delay time that 100 % of delay time was for operational. 
operational 
61% 
mechanical 
27% 
personal 
12% 
SLM 
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3.4. Cost  
3.4.1. System cost  
Fixed cost (FC) 
     Fixed cost covers depreciation, interest, and insurance cost and is calculated as follows: 
 
TFC = FC/PMH = 27404/160×7= 24.47 € /hour                                         (3.2) 
 
 FC= I + D + T = 13537+ 11376+ 2491 = 27404 €/year                              (3.3) 
 
Where, TFC: Total fixed cost of a skidder; FC: fixed cost per year; PMH: productivity 
machine hour; I: interest; D: deprecation and T: insurance  
 
Interest 
Interest, charge for the use of credit or money or fee paid on borrowed assets. Interest is 
calculated as follows: 
7520712640
20
)110)(12640126398(
2
)1)((




 AS
N
NSP
A €           (3.4) 
 
I = A× i   = 75207× 18 %= 13537 €                                                                        (3.5)                                                       
 
Where, A: annual investment (€); P: purchase price (€); S: salvage value (€); N: economic life 
year; I: interest (€) and i: interest rate =18%. 
 
Deprecation 
Depreciation is the reduction of the value of fixed or capital assets, as by use, damage, 
weathering, or obsolescence, and abandonment (Mosavi, 2008). The following formula shows 
the calculation of depreciation: 
 
11376
10
)12640126398()(




 D
N
SP
D €                                                 (3.6) 
Where, P: purchase price (€); S: salvage value (€); D: deprecation (€) and N: economic life 
(year). 
 
Insurance 
     Insurance is a form of risk reduction, which primarily is used to prevent against the risk of 
a possible loss (Mosavi, 2008). Insurance is calculated by: 
 
T = (D+I) ×10% (10) = (126398+ 13537) × 10% = 2491 €                                    (3.7) 
 
Where, T: insurance (€); D: deprecation (€) and I = interest (€).                 (3.8) 
 
Variable cost: 
     The costs of fuel, lubricants, service, maintenance, repair, chain cost, and tires are variable 
costs.  
Oil and fuel 
     Fuel and oil cost per hour calculated by following formula: 
 
Y= (0.175 × 170 × C) + 1/3 (0.175 × 170 × C) = (0.175 × 170 × 0.22) + 1/3 (0.175 × 170 × 
0.22) = 8.77 €                                                                                                (3.9) 
 
Where, Y: fuel and oil cost (€/hour); H: fuel (liter) and C: cost of fuel (€).   
50 
 
 
Maintenance cost 
     Maintenance costs typically include the costs of labor and parts to perform repairs. 
Maintenance cost is calculated by following formula: 
 
08.5%50
716010
)12640126398()(






 MRf
PMHN
SP
MR €                 (3.10) 
 
Where, MR: maintenance cost (€); P: purchase price (€); S: salvage value (€); N: Economic 
life (year); f: repair factor and PMH: productive machine hour. 
 
Chain cost 
 
CC= P/PMH = (160×3.16) ÷ (160×7) = 0.45 €                                            (3.11) 
 
Where, CC: Chain cost (€); P: price of chain and PMH: productive machine hour. 
 
Tyre cost 
     Tyre cost is calculated as below: 
 
68.6
2500
)14.01)(43666()1)((




 T
N
iNtPt
T €                                      (3.12) 
 
Where, T= tyres cost (€); Pt: tyre price (€); Nt: number of tyres; N: economic (hour) and i: 
interest rate =14%. 
 
Total variable cost 
 
VC = Y+ MR + CC + T = 8.77 + 5,08 + 0.45 + 6.98= 20.98                      (3.13) 
 
Where VC = variable cost (€ /m3) 
 
Total machine cost: 
     Total machine cost is sum of fixed cost and variable cost. 
 
TMC= FC+ VC = 24.47 + 20.98= 45.45 €                                                              (3.14) 
 
Total labour cost 
Labour cost depends on the number of persons and the salary of each worker and the time 
hired to do the work. In Iran, almost all of the workers in the company are hired and they get 
their salary paid monthly. Personal costs include all costs, fringe benefits and some bonuses 
and rewards (Mosavi, 2008). In general, one skidder group contains four workers including 
one driver, Drivers assistant and 2 further workers. Insurance cost makes 23 % of the salary. 
 
LC= SSG × I + FBSG + BSG = 14071 × 3236+ 2149 + 4209= 23665 €/year       (3.15) 
TLC= 23665/1120= 21.13 €/hour                                                                           (3.16) 
 
Where, TLC: total labour cost (€/hour); LC: labour cost (€/year); SSG: salary of skidder 
group (€/year); I= insurance (€/year); FBSG: fringe benefit of skidder group (€/year) and 
BSG= bonus of skidder group (€/year).  
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System cost  
     System cost is total cost of machine cost and labour cost. 
 
SC= TMC+ TLC= 45.45+ 21.13= 66.58 €/hour                                                     (3.17) 
 
Where, SC: system cost (€/hour); TMC: total machine cost (€/hour) and TLC: total labour 
cost (€/hour). 
 
3.4.2. Unit Cost: 
In order to compare the different working methods under comparable conditions, the cost 
of 11 skidding turns under maximum, average and minimum conditions in the original data 
sets of the influence parameters such as number of logs (NL), length of logs (LL), diameter of 
logs (DL), skidding distance (SD), winching distance (WD), and slope (SL) were calculated.  
Except LL value, maximum, mean and minimum of all influence parameter values were 
calculated by used recorded data in TLM, LLM and SLM. Because these parameters were 
depending on the terrain it is possible to harmonize them for all alternatives. In contrast the 
length of log (LL) depends on the harvesting alternative and that makes the relevant 
difference between the harvesting alternatives TLM, LLM and SLM. Therefore, value of LL 
has to be held different in the alternatives (Table 3.7). 
 
          Table 3.7. Maximum, mean and minimum of influence parameter to simulate cost of 11 skidding trips  
Influence parameter Rank  TLM LLM SLM 
Number of log (NL)  Maximum 4 4 4 
Mean 2.25 2.25 2.25 
Minimum 1 1 1 
Length of log (LL) m Mean  15.30  7.65 5.10 
Diameter of log (DL) m Maximum 76   76 76 
Mean 52.00 52.00 52.00 
Minimum 26 26 26 
Winching distance (WD) m Maximum 42  42  42  
Mean 22  22  22  
Minimum 2  2  2 
Skidding distance (SD) km Maximum 1.20  1.20  1.20  
Mean 0.70  0.70  0.70  
Minimum 0.20  0.20  0.20  
Slope (SL) % Mean 20  20  20  
 
 
3.4. 2.1. Logarithmic time prediction model for simulate 11 skidding cycles 
The logarithmic time prediction model on the basis of regression analyses was calculated 
using SPSS. The results are for the four harvesting methods are as follows:  
 
TLM prediction model 
 
Ŷ= 10(0.48+0.45 × SD) Traveling unloaded                                                                    (3.18) 
+ 10
(-0.175+0.004 × WD) + (-0.24+0.1× NL)
 Releasing  
+ 10
(-0.105-0.0005 × DL) + (-0.31+ 0.115× NL)
 Hooking 
+ 10
(0.09 + 0.01 × WD) 
Winching  
+ 10
(0.16 + 0.001 × DL) + (0.158 + 0.0035× LL) + (0.158 + 0.064 × SD) + (0.24 - 0.015× NL)
 Traveling loaded  
+ 10
-0.77 
Unhooking 
+ 10
-0.23
 Pilling  
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LLM prediction model: 
 
Ŷ= 10(0.289 + 0.01 × SL) + (0.217 + 0.365× SD) Traveling unloaded                                          (3.19) 
+ 10
(0. 004 + 0.0035 × WD) + (-0.103 + 0.09 × NL)
 Releasing  
+ 10
(-0.402 + 0.009 × DL) + (-0.334 + 0.14 × NL)
 Hooking 
+ 10
(-0.249 + 0.16 × NL) 
Winching  
+ 10
(0.196 + 0.007 × SL) + (0.185 + 0.152× SD) + (0.227 + 0.031 × NL) 
Traveling loaded  
+ 10
(-1.36 + 0.01 × DL) 
Unhooking 
+ 10
-0.17
 Pilling  
 
SLM prediction model: 
 
Ŷ= 10(0.44 + 0.45 × SD) Traveling unloaded                                                                   (3.20) 
+ 10
(-0.098 + 0.005 × WD) + (-0.26 + 0.1× NL)
 Releasing  
+ 10
 (-0.21 + 0.15× NL)
 Hooking 
+ 10
(0.145 - 0.0023 × DL) + (-0.036 + 0.003 × WD) + (0.123 - 0.0053 × SL) + (-0.104 + 0.047 × NL) 
Winching  
+ 10
 (0.422 + 0.712× SD) 
Traveling loaded  
+ 10
-0.76 
Unhooking 
+ 10
-0.03
 Pilling  
 
Extraction by mule: 
 
Ŷ= 10(-0.07 + 0.002 × LD) + (0.02 + 0.0015 × SL) Return                                                             (3.21)  
+ 10
 (0.007 + 0.08 × NL)
 Loading   
+ 10
+ (0.056 - 0.003 × SL)
 Hauling  
+ 10
-0.06   
Unhooking  
 
 
Where: 
Ŷ time consumption by model (minute) 
SD skidding distance  
NL number of log 
LL length of log 
DL diameter of log 
WD winching distance  
LD loading distance 
SL slope 
LD hauling distance with mule  
 
By using above equations (logarithmic model) the gross mean of estimated cost was 3.51, 
6.52 and 7.80 €/m3 and the net cost was 3.06, 5.69 and 6.81 €/m3 in TLM, LLM and SLM. 
 
3.4.2.2. Unit net cost depending on diameter of log (DL) 
The simulated cost model shows that the maximum net cost depending on DL (volume) 
was 5.04, 15.13 and 18.22 €/m3; the mean cost was 3.06, 5.69 and 6.81 €/m3 and the 
minimum cost depending on DL was 2.40, 5.34 and 6.39 in TLM, LLM and SLM 
respectively (table 3.8). Figure 4.4 shows the influence of DL on each alternative.  
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Table 3.8. Gross and net effective time depend on DL 
 
 
 
 
 
 
 
 
 
Figure 3.4. Net cost per cbm depending on the diameter of log (DL) in Tree Length Method, Long Length 
Method and Short Length Method 
 
3.4.2.3. Unit net cost depend on skidding distance (SD) 
Table 3.9 shows the results of maximum, mean and minimum costs depending on SD in 
TLM, LLM and SLM. By using the modeling formula, the maximum of cost per cubic meter 
was 3.94, 7.34 and 12 €/m3; mean cost 3.06, 5.69 and 6.81 €/m3 and the minimum cost 
depending on the skidding distance was 2.52, 4.54 and 4.30 €/m3 in TLM, LLM and SLM, 
respectively.   
 
Table 3.9. Gross and net effective time depend on SD 
 
 
 
 
 
 
 
 
Figure 3.5 shows clearly the amount of influence that the skidding distance factors on unit 
cost in each alternative.  
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diameter of logs  
TLM
LLM
SLM
Cost TLM LLM SLM 
Maximum gross effective cost €/m3 5.77 17.33 20.87 
Maximum net effective cost €/m3 5.04 15.13 18.22 
Mean of gross effective cost €/m3 3.51 6.52 7.80 
Mean of net effective cost €/m3 3.06 5.69 6.81 
Minimum gross effective cost €/m3  2.75 6.12 7.32 
Minimum net effective cost €/m3  2.40 5.34 6.39 
Cost TLM LLM SLM 
Maximum gross effective cost €/m3 4.51 8.41 13.74 
Maximum net effective cost €/m3 3.94 7.34 12 
Mean of gross effective cost €/m3 3.51 6.52 7.80 
Mean of net effective cost €/m3 3.06  5.69 6.81 
Minimum gross effective cost €/m3  2.88 5.20 4.93 
Minimum net effective cost €/m3  2.52  4.54 4.30 
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Figure 3.5. Cost per cbm depending on skidding distance (SD) in Tree Length Method, Long Length Method 
and Short Length Method 
 
3.4.2.4. Unit net cost depending on winching distance (WD) 
In TLM the maximum net cost was 3.23, mean 3.06 and the minimum was 2.94€/m3; in 
LLM maximum cost 5.76, mean of cost 5.69 and minimum of cost was 5.63. And in SLM the 
queue was 6.97, 6.81 and 6.67 depending on the winching distance (table 3.10). 
 
Table 3.10. Gross and net effective time depend on WD 
 
 
 
 
 
 
 
 
Figure 3.6 shows the relationship between the winching distance and the cost per cubic 
meter in each alternative. 
 
 
Figure 3.6. Cost per cbm depending on winching distande (WD) in Tree Length Method, Long Length Method 
and Short Length Method. 
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winching distance_m 
TLM
LLM
SLM
Cost TLM LLM SLM 
Maximum gross effective cost €/m3 3.70 6.60 7.98 
Maximum net effective cost €/m3 3.23 5.76 6.97 
Mean of gross effective cost €/m3 3.51 6,52 7.80 
Mean of net effective cost €/m3 3.06 5.69 6.81 
Minimum gross effective cost €/m3  3.37 6,45 7.65 
Minimum net effective cost €/m3  2.94 5.63 6.67 
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3.4.2.4. Cost for extraction of wood by mule 
The cost of extraction by mule differs from the above three harvesting alternatives and 
mostly depends on the number of turns of extraction. Each cycle of extraction by mule costs 
3.16 Euro, in this study 4.414 m
3 extracted in 48 considered cycles. 
 
System cost is 48×3.16= 151.68 €                                                                (3.22) 
 
Unit cost is 151.68 ÷ 4.414= 34.36 €/m3                                                      (3.23) 
 
3.5. Residual damage  
3.5.1. Pre-harvesting and post-harvesting tree inventory on winching strips  
The amount of inventoried trees were TLM 328 stems, LLM 187 stems, SLM 87 stems and 
mule 55 stems. The number of damaged trees was about 39 stems in TLM (11.89%), 27 
(14.44%) in LLM, 24 (27.59%) SLM and 0 stem (0.00%) mule. The total number of wounds 
on the bole of damaged trees was 46 wounds in TLM, 34 in LLM, 59 in SLM and 0 wounds 
in mule. One tree damaged for winching 7.87 m
3
, 10.85 m
3
, and 12.98 m
3
 on winching strips 
in TLM, LLM, SLM and Mule (table 3.11).  
 
     Table 3.11. Results of pre-harvesting and post-harvesting of tree on winching area 
 
In general, figure 3.7 shows that the worst alternative depending on the percentage of 
damaged trees and  the amount of wounds on the bole of the damaged trees is SLM and the 
best alternative is extraction by mule. But depending on the amount of extracted wood due to 
damage to one tree SLM is the best alternative and TLM is the worst alternative (Fig 3.7).  
 
 
 
Figure 3.7. (a) Relative between total inventoried trees and number of damage tree, percentage of damage tree 
and number of wound (b) related damaged one tree due to extraction wood amount (m
3
) result on winching strip 
in alternatives 
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Inventory results  Alternative  
TLM LLM SLM mule 
Total inventoried trees  328 187 87 55 
Total damaged trees 39 27 24 0 
Percentage of damaged tree % 11.89 14.44 27.59 0 
Total number of wounds on damaged 
trees 
46 34 59 0 
Number of injury on bole one damaged 
tree (on average) 
1.18 1.26 2.46 0 
Amount of extracted wood per one tree 
damage (in winching operation) 
7.87 10.85 12.98 - 
56 
 
3.5.2. Pre-harvesting and post-harvesting tree inventory alongside of skidding trails  
The total of the trees which had been in alongside of skidding trail were 263, 319 and 148 
stems; the number of damaged trees were 44, 10 and 13 stem (Fig 3.8), the percentage of 
damage was 16.73%, 3.13% and 8.78% of the remaining trees alongside of the skidding trails; 
the total number of wound on the bole of the damaged trees were 70, 16 and 24 wounds and 
one tree damaged for skidding 6.98 m
3
, 29.29 m
3
, 23.97 m
3
 alongside of the skidding trails in 
TLM, LLM and SLM. 
 
  
  Figure 3.8. (a) Rate of total trees and damaged trees (b) amount of total wounds on bole of damaged trees 
alongside of skidding trails 
 
Figure 3.9 indicates that the worst alternative depending on the percentage of damaged 
trees to total trees,  the amount of wounds on the bole of the damaged trees and the amount of 
extracted wood due to one damaged tree is TLM and best alternative is LLM (fig 3.9).  
 
 
Figure 3.9. (a) Comparing alternative standing tree damage result (b) related damaged one tree dut to skidding 
wood amount (m
3
) alongside of skidding trails. 
 
3.5.3. Location and degree of damage 
3.5.3.1. Location and degree of damage in TLM 
The table 3.12 shows the results of the location and degree of injury in TLM. About 40% 
of injuries occurred in winching area and 60% of injuries occurred in skidding operation. 
About 72% of the injuries were deep and severe and 28% of the injuries were light, injuries 
degree due to winching operation was more severe than skidding operations. About 21% of 
injuries are located on the root and 83.4% of them were deep and 16.6% were light. About 
73% of injuries were located on the bole under 2 m in height that 72% of the damage to the 
bole under 2 m was severe and 28% was light. About 6 % of the damage was located on the 
0
50
100
150
200
250
300
350
TLM LLM SLM
am
o
u
n
t 
o
f 
tr
ee
s 
harvesting alternative 
total
inventorie
d trees
total
damaged
tree
a 
0
10
20
30
40
50
60
70
TLM LLM SLMa
m
o
u
n
t 
o
f 
d
am
ag
ed
 t
rr
es
 a
n
d
 w
o
u
n
d
s 
o
n
 b
o
le
 
harvesting alternative 
total damaged
tree
number of
total wound
b 
0
50
100
150
200
250
300
350
TLM LLM SLM
total
inventoried
trees
total
damaged
tree
damged
tree to
total %
number of
total
wound
a 
0.00
5.00
10.00
15.00
20.00
25.00
30.00
35.00
TLM LLM SLM
e
xt
ra
ct
ed
 w
o
o
d
 d
u
e
 t
o
 d
am
ag
ed
 o
n
e 
tr
ee
 
(m
33
) 
harvesting alternative 
extracted
volume
per one
tree
damage
b 
57 
 
bole above 2 m in height and 29% of the damage at this  location was severe and 71% was 
light (Table 3.12).   
 
         Table 3.12.  Location and degree of damage in TLM 
Location 
of damage  
Operation 
area 
Deep 
injurie 
Deep 
injurie % 
Light 
injurie 
Light 
injurie 
% 
Total damage 
on each 
location 
Total damage 
on each 
location% 
Total damage 
in operation 
area 
root Winching 11 100 0 0 11 24 46 (40 %) 
Skidding 9 69 4 31 13 19 70 (60%) 
Total 20 83.4 4 16.6 24 21 116 
Uproot 
(2 m˃h) 
Winching 33 100 0 0 33 72 46 
Skidding 28 54 24 46 52 74 70 
Total 61 72 24 28 85 73 116 
Up 2 m 
(2 m˂h) 
Winching 2 100 0 0 2 4 46 
Skidding 0 0 5 100 5 7 70 
Total 2 29 5 71 7 6 116 
Total TLM 83 72 33 28 116 100 116 
 
3.5.3.2. Location and degree of damage in LLM 
About 68% of the injuries occurred in the winching area and 32% of the injuries occurred 
in the skidding operation in LLM. In LLM about 20% of the injuries were severe and 80% of 
the injuries were light, the severity of the injuries due to winching operations was not so 
different than that of skidding operations. About 28% of the injuries are located to the root 
and that 14% of them were deep and 86% were light. About 72% of the injuries were located 
on the bole at a height under 2 m and 72% of the damage to the bole under 2 m was severe 
and 28% was light (Table 3.13).   
 
      Table 3.13. Location and degree of damage in LLM 
Location 
of damage  
Operation 
area 
Deep 
injurie  
Deep 
injurie % 
Light 
injurie 
Light 
injurie 
% 
Total damage 
on each 
location 
Total damage 
on each 
location% 
Total damage 
in operation 
area  
root Winching  2 20 8 8 10 29 34 (68%) 
Skidding  0 0 4 100 4 25 16 (32%) 
Total  2 14 12 86 14 28 50 
Uproot 
(2 m˃h) 
Winching  7 29 17 71 24 70.5 34 (68%) 
Skidding  1 9 11 9 12 75 16 (32%) 
Total  8 22 28 88 36 72 50 
Up 2 m 
(2 m˂h) 
Winching  - - - - - - 34 (68%) 
Skidding  - - - - - - 16 (32%) 
Total  0 0 0 0 0 0 50 
Total LLM 10 20 40 80 50 100 50 
 
3.5.3.3. Location and degree of damage in SLM 
In SLM 71% of injuries were in the winching area and 29% of the injuries occurred in 
skidding operation. About 30% of the injuries were deep and severe and 70% of the injuries 
were light, injuries degree due to winching operations was more severe than that of skidding 
operations. About 32.5% of the injuries were located on the root, 37% of them were deep and 
63% were light. About 61.5% of the injuries were located to the bole at a height under 2 m 
and 29.5% of the damage to the bole under in 2 m was severe and 70.5% was light. About 6 
% of the damage was located on bole above 2 m in height the degree of damage was light 
(Table 3.14).   
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      Table 3.14. Location and degree of damage in SLM 
Location 
of damage  
Operation 
area 
Deep 
injurie  
Deep 
injurie 
% 
Light 
injurie 
Light 
injurie 
% 
Total damage 
on each 
location 
Total damage 
on each 
location% 
Total damage 
in operation 
area  
root Winching  10 43.5 13 66.5 23 39 59 (71%) 
Skidding  0 0 4 100 4 17 24 (29%) 
Total  10 37 17 63 27 32.5 83 
Uproot 
(2 m˃h) 
Winching  14 40 21 60 35 59 59 (71%) 
Skidding  1 6.25 15 93.75 16 67 24 (29%) 
Total  15 29.5 36 70.5 51 61.5 83 
Up 2 m 
(2 m˂h) 
Winching  0 0 1 100 1 2 59 (71%) 
Skidding  0 0 4 100 4 17 24 (29%) 
Total  0 0 5 100 5 6 83 
Total SLM 25 30 58 70 83 100 83 
 
3.5.4. Pre-harvesting and post-harvesting regeneration inventory on winching strips  
The total number of seedlings on the winching area was 576 stems in TLM and 18% of the 
total seedling was in the first height class, 22% in the second height class and 60% in the third 
height class; about 854 seedlings were  inventoried in LLM winching area that 9.5% of the 
total seedling height was less than 0.5 m, 9% height was between 0.5–2 m and 81.5% of the 
total seedling height was above 2 m; about 349 seedling were inventoried in the SLM 
winching area and 16% of the total seedlings were in the first height class, 6.5% in the second 
height class and 77.5% was in the third height class  and there were 314 seedlings in the mule 
hauling direction and 70% of the total seedlings height was less than 0.5 m, 7.5% of the total 
seedlings height was in the second class and 22.5% of the total seedlings height was above 2 
m (Table 3.15). 
 
       Table 3.15. Number of inventoried seedling and percentage in each height class on winching area. 
 
In first height class about  2% , 9%, 14% and 2% ; in the second height class 10%, 12%, 
39% and 29%; in the third height class  19%, 23%, 21% and 3% of stand regeneration on the 
winching area were damaged in TLM, LLM, SLM and mule (Fig 3.10). In addition, about 
14%, 20%, 21% and 6 % of the regeneration was damaged in TLM, LLM, SLM and mule and 
the most amount of seedling damage was 21% in SLM winching operations. 
  
Seedling 
height 
class 
Alternative   
Number of 
seedling 
TLM 
Seedling 
(%) TLM 
Number of 
seedling 
LLM 
Seedling 
(%) LLM 
Number of 
seedling 
SLM 
Seedling 
(%) SLM 
Number of 
seedling 
mule  
Seedling 
(%) mule 
  
0.5 m˃ H 101 18 81 9.5 59 16 220 70 
0.5–2 m 126 22 78 9 23 6.5 24 7.5 
2-10 m 349 60 695 81.5 267 77.5 70 22.5 
Total  576 100 854 100 349 100 314 100 
59 
 
 
 
Figure 3.10. Regeneration damage in each height classification in winching area 
 
Damage due to operations in winching 3.7 m
3
, in TLM, 1.7 m
3
, in LLM, 4.3 m
3 
in SLM 
and 0.32 m
3
 by Mule occurred only one damage to a seedling (Fig 3.11).  
 
 
 
Figure 3.11. Amount of winching wood for one seedling damage in winching area 
 
About 77%, 44% and 49% of the seedling damage was so severe that most parts of the 
stem had been damaged in the  winching area in TLM, LLM and SLM. 
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Figure 3.12. Wound type in winching area 
 
3.5.5. Pre-harvesting and post-harvesting regeneration inventory alongside of skidding 
trails  
The  Pre- harvesting seedling survey alongside of the skidding trails was 1610 stems in 
TLM and 13% of total seedling was in the first height class, 7% was in the second height 
class and 80% of the total seedlings were in the third height class; the total inventoried 
seedlings alongside of the skidding trail in LLM was 2564 stems and 3.5% of the total 
seedling height were less than 0.5 m, 9.5% of the total seedling’s height was between 0.5–2 m 
and 87% of the total seedling’s height was above 2 m; about 244 seedlings inventoried in 
SLM skidding operation area and 11% of the total seedling was in the first height class, 15% 
in the second height class and 74% were in the third height class (Table 3.16). 
 
        Table 3.16. Number of inventoried seedling and percentage in each height class in alongside of skidding trails. 
 
Seedling damage to the first height class was about 2%, 19% and 4%; in the second height 
class 16%, 8 %, and 27%; in the third height class 7.1%, 6.9% and 6.6% of stand regeneration 
were damaged alongside of skidding trails in TLM, LLM and SLM. In addition, about 7.5%, 
7.4 % and 9.4% of the regeneration damaged in TLM, LLM and SLM alongside of the 
skidding trails. Most regeneration damage in the first height class was 19% in LLM; in the 
second height class the most regeneration damage was 27% in SLM; in the third height class 
was 7.1% in TLM (Fig 3.13). 
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Seedling 
height class 
Alternative  
Number of 
seedling (TLM) 
Seedling %  
TLM 
Number of 
seedling (LLM) 
Seedling % 
 LLM 
Number of 
seedling (SLM) 
Seedling % 
 SLM 
0.5 m˃ H 209 13 88 3.5 26 11 
0.5–2 m 108 7 240 9.5 37 15 
2-10 m 1221 80 2236 87 181 74 
Total  1610 100 2564 100 244 100 
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Figure 3.13. Regeneration damage in each height class in alongside of skidding trails 
 
Due to skidding 2.4 m
3
, 1.6 m
3 
and 13.5 m
3
 one seedling damaged in TLM, LLM and 
SLM. 
 
 
Figure 3.14. Amount of winching wood for one seedling damage in winching area 
 
About 53%, 42% and 26% of the seedling damage alongside of skidding trails was severe 
in TLM, LLM and SLM. 
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Figure 3.15. Wound type in alongside skidding trails 
 
3.5.6. Statistical analysis  
Statistical analysis showed that number of healthy standing trees in pre-harvesting and 
post- harvesting insignificantly in the winching area and alongside of the kidding trails. The 
P-value in the winching area was 0.071 (Table 3.18) and alongside of skidding trails was 
0.176 (Table 3.17). Alongside of the skidding trails the p-value is greater than the winching 
area; it shows that the number of damaged trees in skidding operations was less than that of 
winching operations.  
 
 
Table 3.18. paired t-test analysis results for  healthy standing trees in pre-harvesting and post-harvesting  
in winching area 
 Paired Differences t df Sig. (2-
tailed) Mean Std. 
Deviation 
Std. Error 
Mean 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Pair 1 
pre_harvesting_winching   
post-harvesting_winching 
22,50000 16,34013 8,17007 -3,50080 48,50080 2,754 3 ,071 
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Table 3.17.  paired t-test analysis results for healthy standing trees in pre-harvesting and post-harvesting 
alongside of skidding trails 
 Paired Differences t df Sig. (2-
tailed) Mean Std. 
Deviation 
Std. Error 
Mean 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Pair 1 
pre_harvesting_skidding  area (tree) 
post_harvesting_skidding  area (tree) 
22,33333 18,82374 10,86789 -24,42744 69,09411 2,055 2 0,176 
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Statistical analysis showed that the number of healthy regeneration in pre-harvesting and 
post- harvesting in both operation treatments in skidding operation and winching operation 
was insignificant (p- value 0.149 (Table 3.19) and 0.081 (Table 3.20) respectively), the p-
value alongside of the skidding trail is greater than that in the winching area that shows the 
number of damaged tree in the winching area was greater than that in skidding operations. 
 
Table 3.19. Paired t-test analysis results for healthy generation in pre-harvesting and post-harvesting alongside 
of skidding trails 
 Paired Differences t df Sig. (2-
tailed) Mean Std. 
Deviation 
Std. 
Error 
Mean 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Pair 1 
post_harvesting_ alongside skidding trail (seedling) 
pre_harvesting_ alongside skidding trail(seedling) 
111,000 83,863 48,418 -97,327 319,327 2,29 2 ,149 
 
 
Table 3.20. paired t-test analysis results for healthy generation in pre-harvesting and post-harvesting alongside 
of skidding trails 
 Paired Differences t df Sig. (2-
tailed) Mean Std. 
Deviation 
Std. Error 
Mean 
95% Confidence 
Interval of the 
Difference 
Lower Upper 
Pair 1 
pre_harvesting_winching area (seedling) 
post_harvesting_winching area (seedling) 
85,7500 66,11291 33,05645 -19,4504 190,9504 2,594 3 ,081 
 
3.5.7. Multiple criteria approval (MA) 
     Table 3.21 shows the determined criteria values for the timber harvesting alternatives and 
the value of mean and median. 
 
Table 3.21. criteria values, mean and median value 
 
3.5.7.1. Analysis of MA 
The results of the analysis by MA showed that if the approval borderline was median, 
LLM was dominant in approval (+) and SLM was dominant in disapproval (-). Therefore, the 
best alternative is LLM and the most unfriendly alternative to residual damage is SLM (Table 
3.22).  
 
Criteria Alternative Mean  Median  
TLM LLM
 
SLM 
C1: damage of standing tree -
skidding % 
16.73 3.13 8.78 7.16 8.78 
C2: damage of Standing tree -
Winching % 
11.89 14.44 27.59 18 14.44 
C3: damage of regeneration -
skidding % 
7.5 7.4 9.4 8.1 7.5 
C4: damage of regeneration -
Winching % 
14 20 21 18.33 20 
C5: Total tree damage % 14.31 8.79 18.19 13.76 14.31 
C6: Total seedling damage % 9 11 16 8.66 11 
C7: One damaged tree per 
productivity rate m
3
  
7.43 20.1 18.48 15.31 18.48 
C8: One damaged regeneration 
per productivity rate m
3
 
1.45 0.84 3.25 2.36 1.45 
C9: Damage degree (tree)% 72 20 30 40.66 30 
C10: Damage degree 
(regeneration)% 
65 43 37.5 48.5 43 
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Table 3.22. Results of analysis of MA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* The wining alternative   
 
3.5.7.2.Sensitivity analysis of MA  
     The results of the sensitivity analysis of MA showed that by using mean as a borderline, 
LLM was dominant in approval (+) thus the best alternative is LLM and the most unfriendly 
alternative to residual damage is TLM (Table 3.23).  
 
Table 3.23. Results of sensitivity analysis of MA 
 
 
    
    
  
  
  
  
  
  
  
  
  
  
  
 
  
* The wining alternative   
 
3.6. Soil damage  
3.6.1. Soil compaction  
Figure 3.16 shows the soil bulk density increment between the control area (c) and 
harvesting alternatives, the computed bulk densities were 0.953 g/cm
3
 in control; 1.438 g/cm
3
 
on the skidding trail and 1.002 g/cm
3
 on the winching strip in TLM; 1.290 g/cm
3
 on the 
Criteria Alternative  
TLM LLM
* 
SLM Median 
C1: damage of standing tree -
skidding % 
- + - 8.78 
C2: damage of Standing tree -
Winching % 
+ - - 14.44 
C3: damage of regeneration -
skidding % 
- + - 7.5 
C4: damage of regeneration -
Winching % 
+ - - 20 
C5: Total tree damage % - + - 14.31 
C6: Total seedling damage % + - - 11 
C7: One damaged tree per 
productivity rate m
3
 
- + + 18.48 
C8: One damaged regeneration 
per productivity rate m
3
 
+ - + 1.45 
C9: Damage degree (tree)% - + - 30 
C10: Damage degree 
(regeneration)% 
- - + 43 
Criteria Alternative  
TLM LLM
* 
SLM Mean 
C1: damage of standing tree -
skidding % 
- + - 7.16 
C2: damage of Standing tree -
Winching % 
+ + - 18 
C3: damage of regeneration -
skidding % 
- - - 8.33 
C4: damage of regeneration -
Winching % 
+ - - 18.33 
C5: Total tree damage % - + - 13.76 
C6: Total seedling damage % - - - 8.66 
C7: One damaged tree per 
productivity rate m
3
  
- + + 15.31 
C8: One damaged regeneration 
per productivity rate m
3
 
- - + 2.36 
C9: Damage degree (tree)% - + + 40.66 
C10: Damage degree 
(regeneration)% 
- + + 48.5 
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skidding trail and 1.151 g/cm
3
 on the winching strip in LLM; 1.390 g/cm
3
 on the skidding 
trail and 1.231 g/cm
3
 on the winching strip in SLM and 0.956 g/cm
3
 on the Mule hauling way. 
The bulk density on the skidding trail increased by 51 % for extraction 307.037 m
3
 in 30 
skidding turns (one empty and one loaded pass), 35 % for extraction 292.871 m
3
 in 31 
skidding turns,  46% for extraction 311.59 m
3
 in 41 skidding turns and 0.30 % to loaded 4.414 
m
3 
in 48 mule hauling turns(Table 3.24).  
 
 
Figure 3.16. Comparison of bulk density between control and alternatives  
 
The Percentage of soil moisture were 19.93% in the control samples, 12.53% on the 
skidding trail and 17.67% in the winching strips in TLM; 18.36% skidding trail and 17.98% 
winching strips in LLM; 15.40% skidding trail and 17.44% winching strips in SLM and 16.38 
% in mule hauling way (Table 3.24). 
 
Table 3.24. Amount of soil compaction and soil moisture content%  
Alternative Soil bulk density g/cm
3 
Soil compaction content % Soil moistur content % 
TLM _skidding trail 1.438 51 12.53 
TLM_winching strip 1.002 5 17.67 
LLM_skidding trail 1.290 35 18.36 
LLM_winching strip 1.151 21 17.98 
SLM_skidding trail 1.390 46 15.40 
SLM_ winching strip 1.231 29 17.44 
Mule 0.956 0.30 16.38 
Control  0.953 - 19.93 
 
3.6.1.1. Soil compaction statistic analysis 
One-Sample Kolmogorov-Smirnov Test shows that the p- value is more than 0.05 in all 
alternatives (Table 3.25) thus the data is normally distributed and we can use parametric 
statistics. 
 
Table 3.25. Results of One-Sample Kolmogorov-Smirnov Test 
 DB_TLM 
skidding 
DB –TLM 
winching_ 
DB_LLM 
skidding 
DB_LLM 
winching 
DB_SLM 
skidding 
DB_ SLM 
winching 
DB 
Mule 
conntrol
_ area 
N 23 23 30 21 19 20 10 33 
Normal Parametersa,b 
Mean 1.4380 1.0020 1.2899 1.1515 1.3902 1.2308 .9562 .9531 
Std. Deviation .19568 .20140 .23291 .17215 .18367 .16673 .08035 .18028 
Most Extreme Differences 
Absolute .133 .111 .136 .136 .126 .091 .163 .101 
Positive .066 .111 .100 .073 .090 .091 .163 .079 
Negative -.133 -.076 -.136 -.136 -.126 -.089 -.149 -.101 
Kolmogorov-Smirnov Z .637 .534 .743 .622 .550 .405 .514 .579 
Asymp. Sig. (2-tailed) .812 .938 .640 .833 .922 .997 .954 .891 
a. Test distribution is Normal. 
b. Calculated from data. 
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Table 3.26 and 3.27 show the results of ANOVA and Duncan test to compare soil bulk 
density between alternatives. The soil bulk density significant value is 0.00 (p < 0.05) that 
shows bulk density significant differences between the alternatives (Table 3.26). The Duncan 
test indicated that the increasing soil bulk density wasn’t significant between control samples 
and the winching strip of TLM and extraction by animal samples (Table 3.27). 
 
Table 3.26. Analysis of variance (ANOVA) for bulk density between alternative 
 Sum of Squares df Mean Square F Sig. 
Between Groups 5.730 7 .819 22.818 .000 
Within Groups 6.134 171 .036   
Total 11.864 178    
 
Table 3.27. results of Duncan test  
 alternative N Subset for alpha = 0.05 
 1 2 3 4 5 
Duncana,b 
control area 33 .95311     
Mule 10 .95617     
winching strip_TLM 23 1.00203     
winching strip_LLM 21  1.15148    
winching strip_SLM 20  1.23077 1.23077   
skidding trail_LLM 30   1.28989 1.28989  
skidding trail_SLM 19    1.39019 1.39019 
skidding trail_TLM 23     1.43804 
Sig.  .447 .188 .325 .096 .426 
Means for groups in homogeneous subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 19.958. 
b. The group sizes are unequal. The harmonic mean of the group sizes is used. Type I error levels are not guaranteed. 
 
The results of the Dunnett t-test shows that the bulk density of the control area does not 
significantly vary from that at the winching strip in TLM and mule (p ˃ 0.025) (Table 3.28). 
 
Table 3.28. Dunnett t test results between control area and alternatives  
 (I) alternative (J) alternative Mean Difference 
(I-J) 
Std. Error Sig. 95% Confidence Interval 
 Lower Bound Upper Bound 
Dunnett t 
(2-sided)a 
skidding trail_TLM control area .484928* .051446 .000 .34738 .62247 
winching strip_TLM control area .048916 .051446 .912 -.08863 .18646 
skidding trail_LLM control area .336776* .047779 .000 .20904 .46452 
winching strip_LLM control area .198368* .052870 .002 .05702 .33972 
skidding trail_SLM control area .437072* .054544 .000 .29124 .58290 
winching strip_SLM control area .277654* .053672 .000 .13416 .42115 
Mule control area .003052 .068369 1.000 -.17974 .18584 
*. The mean difference is significant at the 0.05 level. 
a. Dunnett t-tests treat one group as a control, and compare all other groups against it. 
 
Soil compaction and slope gradient 
The general linear modeling applied to relate bulk density soil samples between all 
alternatives and the slope gradient; the results indicated that the slope gradient had an 
insignificant effect on the increase in soil bulk density on the skidding trails with a 95% 
confidence level (Table 3.29). 
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Table 3.29. General linear modeling between bulk density and slope gradient 
Source Type III Sum of 
Squares 
df Mean Square F Sig. 
Corrected Model 9.936a 131 .076 1.848 .009 
Intercept 183.318 1 183.318 4467.802 .000 
alternative 3.675 7 .525 12.797 .000 
slope 2.304 68 .034 .826 .768 
alternative * slope 1.818 56 .032 .791 .800 
Error 1.928 47 .041   
Total 260.686 179    
Corrected Total 11.864 178    
a. R Squared = .837 (Adjusted R Squared = .384) 
 
Table 3.30 shows the correlation (Pearson) between the soil bulk density data and slope 
gradient for the cable skidder. The results prove that there is no significant correlation 
between the slope gradient and the soil dry bulk density (0.05 < p). The value of the Pearson 
test was 0.064 that also shows there is no relationship between soil bulk density and the slope 
gradient. 
Table 3.30. Pearson test between soil bulk density and slope gradient 
 soil compaction slope % 
soil compaction 
Pearson Correlation 1 .064 
Sig. (2-tailed)  .396 
N 179 179 
slope % 
Pearson Correlation .064 1 
Sig. (2-tailed) .396  
N 179 179 
 
Soil compaction and percentage of moisture content 
The Value of the Pearson test for soil compaction and soil moisture content (%) was -0.448 
and indicates a medium negative correlation between soil compaction and the percentage of 
soil moisture. Significance level is 0.00 (p ˂0.05) that indicates a significant correlation 
between these variables (Table 3.31). 
 
Table 3.31. Pearson correlation test between soil compaction and moisture percentage content 
 soil compaction moistur_parcantage 
soil compaction 
Pearson Correlation 1 -.448** 
Sig. (2-tailed)  .000 
N 179 179 
moistur_parcantage 
Pearson Correlation -.448** 1 
Sig. (2-tailed) .000  
N 179 179 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
3.6.2. Soil disturbance  
In this study, by ground-based winching operations 0.07%, 0.03%, 0.05% and 0.002% of 
the total area and by ground based skidding operations 1.21%, 1.67%, 0.81% and 0.00% of 
the total area was disturbed and compacted in TLM, LLM, SLM and mule. For each cubic 
meter of winched wood about 1.35 m
2
, 0.41 m
2
, 0.83 m
2
 and 1.52 m
2 
was disturbed and for 
each cubic meter of skidded wood  23.19 m
2
, 33.79 m
2
, 13.32 m
2 
and 0.00 m
2
 area was 
disturbed (Table 3.32). 
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Table 3.32. Compartment disturbance area due to rubber-tired skidder operation 
Affected 
area 
Alternative Length of  
trails (m) 
Mean width 
of disturbed 
area (m) 
Landing 
area (m
2
) 
Disturbed 
area (m
2
) 
Total 
disturbed 
area (m
2
) 
Disturbance 
area m
2
 per 
extracted 1 m
3 
Winching 
trail 
TLM 802 0.52 - 417.04 417.04 1.35 
LLM 520 0.23 - 119.6 119.6 0.41 
SLM 424 0.61 - 258.64 258.64 0.83 
Mule 84 0.08 - 6.72 6.72 1.52 
Skidding 
trail 
TLM 1332 5.12 300 6819.84 7119.84 23.19 
LLM 1695 5.70 235 9661.5 9896.5 33.79 
SLM 857 4.60 210 3942.2 4152.2 13.32 
 
3.6.2.1. Soil disturbance statistic analysis  
     The Pearson correlation results show that the width of disturbed area was significantly 
influenced by the diameter and the length of the logs (p ˂ 0.05), but there is no significant 
correlation between the soil disturbance and the slope (Table 3.33). This correlation is 
positive, therefore, the higher the length of the logs and the diameter the wider the disturbed 
area on the soil is.   
 
Table 3.33. Pearson correlation between soil disturbance and diameter of logs, length of logs and slope 
 Width of disturbance_area diameter length slope 
disturbance_area 
Pearson Correlation 1 ,377
**
 ,383
**
 ,106 
Sig. (2-tailed)  ,002 ,002 ,405 
N 64 64 64 64 
      
**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level (2-tailed). 
 
3.6.3. Multiple criteria approval (MA) 
     Table 3.34 shows criteria values, mean and median. 
 
Table 3.34. Criteria values, mean and median value 
Criteria Alternative 
TLM LLM SLM Mean  Median  
C1:Soil compaction by skidding % 51 35 46 44 46 
C2:Soil compaction by winching % 5 21 29 18.33 21 
C3:Disturbed area to total area on 
skidding area % 
1.21 1.67 0.81 1.23 1.21 
C4:Disturbed area to total area on 
winching area % 
0.07 0.03 0.05 0.05 0.05 
C5:Disturbed area to skidding one cubic 
meter wood m
2
 
23.19 33.79 13.32 23.43 23.19 
C6:Disturbed area to winching one cubic 
meter wood m
2
 
0.41 0.83 1.52 0.92 0.83 
 
3.6.3.1. Analysis of MA 
The results of analysis by MA show that all three alternatives were dominant in approval 
(+). Therefore, by analysis of the MA no relation between soil compaction and logging 
method can be proved (Table 3.35).  
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Table 3.35. results of analysis of MA 
Criteria Alternative 
TLM
* 
LLM
* 
SLM
* 
Median  
C1:Soil compaction by skidding % - + + 46 
C2:Soil compaction by winching % + + - 21 
C3:Disturbed area to total area on 
skidding area % 
+ - + 1.21 
C4:Disturbed area to total area on 
winching area % 
- + + 0.05 
C5:Disturbed area to skidding one cubic 
meter wood m
2
 
+ - + 23.19 
C6:Disturbed area to winching one cubic 
meter wood m
2
 
+ + - 0.83 
* The wining alternative
 
 
3.6.3.2. Sensitivity analysis of MA  
     The results of sensitivity analysis of MA show that in relation to soil the best alternatives 
are LLM and TLM and the worst alternative is SLM (Table 3.36).  
 
Table 3.36. Results of sensitivity analysis of MA 
Criteria Alternative 
TLM
* 
LLM
* 
SLM Mean  
C1:Soil compaction by skidding % - + - 44 
C2:Soil compaction by winching % + + - 18.33 
C3:Disturbed area to total area on 
skidding area % 
+ - + 1.23 
C4:Disturbed area to total area on 
winching area % 
- + + 0.05 
C5:Disturbed area to skidding one cubic 
meter wood m
2
 
+ - + 23.43 
C6:Disturbed area to winching one cubic 
meter wood m
2
 
+ + - 0.92 
* The wining alternative
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4. DISCUSSION  
4.1. Productivity and Cost  
The results of the tables 3.1, 3.3, 3.4, 3.5 and 3.6 show that all values of the recalculated 
logarithm data is less than the time study numeric data and their correlation is more than 90%. 
As mentioned in methodology part and results of this research we can suggest to researchers 
that for time study logarithm is better than numerical data.   
One of the most important aims of forest management in wood harvesting is to increase the 
productivity and reduce costs (Brown et al. 2002). Due to the higher initial cost of harvesting 
machines, larger diameters and crowns of hardwood trees and the steep terrain in The Caspian 
forests of Iran, the manual harvesting method (harvesting operation, felling was done with a 
chainsaw and skidding with ground-based cable skidders.) is the most commonly used system 
in this region. Also, the operating hourly cost of the machine is a suitable factor to analyze the 
cost in this forest area. Therefore, measuring productivity and the cost of forest equipment 
and forest harvesting alternatives is an important aspect for an industry in order to increase the 
efficiency and lower the operating costs. The productivity of mechanization in forestry 
depends on many factors like machine type, tree size, intensity of thinning, the number of 
trees per hectare, the terrain conditions, operator skills, silviculture treatment and distances 
between the skid roads (Demir, 2010). 
Results showed that the estimated time consumption by the developed model and real time 
had been in close correlation (on average more than 90%). Therefore, to analyze and discuss 
the data we used estimated time consumption by logarithmic data.  
After analyzing the data and applying the skidding time prediction model, it became clear 
that the most important affected factors by modeling in TLM were the skidding distance, 
winching distance, number of logs, diameter and length of log. In the developed model of 
LLM the affected factors were the; skidding distance, the number of logs, the winching 
distance, the diameter of logs and the slope. In SLM x (influence factor) was the number of 
logs, winching distance, diameter of the log and the slope. To developed model in mule 
hauling distance, the slope and amount of wood was the important factor for time 
consumption. Animal logging was also considered, time consumption results showed that 
important part in mule logging is loading. It takes the highest percentage of the total time 
(30%) and in general, the model showed that the important factor for mule time consumption 
is the hauling distance, slope and the number of wood logs. Also, previous studies such as 
Barari et al (2011); Ghaffariyan (2013); Ghaffariyan et al (2012); Jourgholami et al (2008); 
Naghdi et al (2010); Jourgholami and Majnounian (2011); Gilanipoor et al (2012); Eghtesadi 
(2008); McDonagh (2002) and Jirousek et al (2007) reported that the volume, ground slope, 
winching distance, number of logs and the skidding distance had an influence on time 
consumption. However, Alam et al (2012) did not quantify these factors sufficiently enough 
to evaluate the productivity and efficiency effects. He reported that mechanized harvesting 
operations are popular in Australia because of their productivity and efficiency, improved 
worker safety and the reduced cost of operations. The preparation and implementation of 
mechanization plans requires knowledge not only of economic, technical and management 
characteristics of the forest enterprise involved, but also the relationships involved in 
production, transport and utilization of the forest’s resources (Demir, 2010). Therefore, in a 
developing country such as Iran which using a ground based system, the site properties 
influence time consumption and cost whilst in developed country such as Australia the 
logging method is mechanized and the cost maybe dependant on the modern harvesting 
machine (harvester, forwarder and etc). In all of research in the north of Iran site properties 
was an influence in cost.  
The results of the real time measurement showed that the traveling unloaded and the 
traveling loaded are the most important parts of skidding elements; they cover in TLM about 
72%, in LLM 79% and in SLM 70% of the total time. Hence, the influencing factors on 
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traveling loaded and traveling unloaded also highly influence the skidding time in all. 
Modeling of TLM shows that the traveling unloaded and the traveling loaded was highly 
dependent on the skidding distance and the volume per turn (m
3
); in LLM the time for these 
elements was highly dependent on the slope, the number of logs and the skidding distance, 
but in SLM the only influencing factor was the skidding distance. The time consumption for 
traveling unloaded was higher than for traveling loaded in LLM, whilst in TLM and SLM the 
time consumption for traveling loaded was greater than of traveling unloaded. At first sight 
this result is confusing: We concluded that the slope has a high influence on the traveling 
parts of the cycle (like traveling unloaded and loaded) and here an uphill trip takes more time 
than a downhill trip, while traveling unloaded is done uphill and traveling loaded in most 
cases is done downhill. This can be seen in LLM with its high importance of traveling. With 
TLM and SLM, where the volume of the trees influence the skidding operations, the time for 
traveling loaded is higher than that of unloaded travel.  
On average, the net cost for extraction of one cubic meter of wood was 3.06, 5.69, 6.81and 
34.36 €/m3 in TLM, LLM, SLM and mule. some researchers reported average unit cost of 
ground system by Timberjak 450 C as following: Parsakhoo et al (2009) report was 1.32 
€/m3; Jourgholami et al (2008) report was 4.20 €/m³; Naghdi et al (2010) report was 4.03 
€/m3; Gilanipoor et al (2012) report was 3.70 €/m3; Mosavi et al (2012) report for plantation 
forest was 13.90 $/m
3; Lotfalian et al (2011) report was 4.70 €/m3. This report for skidder was 
quite similar to these research results. As the results show the extraction of wood by skidders 
is more economical than extraction by mule. Also, Ghaffariyan (2008) found that, if the 
economical parameters are more important for the forest managers, then tractor logging is the 
best choice and mule logging is much more expensive for the North of Iran. On average, the 
cut-to-length method SLM is more expensive than LLM. Also, Jourgholami and Majnounian 
(2011); Pir Bavaghar et al (2007); Mosavi (2012; reported that SLM is more expensive than 
LLM. 
Depending on DL, SD and WD the most economical alternative for Northern Iran is TLM. 
Also, Naghdi and Bagheri (2007) and Ghaffariyan et al. (2012) reported that the skidding 
phase of the cut-to-length method is more expensive than the at tree length method. Akay 
(1998) and Landford and Stokes (1996) the cost per cord was slightly lower for the forwarder 
system using cut-to-length wood compared to the skidder system. In contrast, LeDoux’ and 
Huylers study (2001) and Adebayo study (2006) found that hourly machine rate for the whole 
tree method system was slightly higher than that of the cut-to-length harvesting system. In 
Iran condition that wood harvest is performed manually, logging methods defined by the size 
of the wood thus it’s clear that production cost reduce with the alternatives which have the 
biggest dimension of wood. Therefore, in this forest area wood production cost in TLM is 
lower than the cut-length method. In a developed country which used mechanized machine 
logging method defined by the size of the wood and used machine for logging, in whole tree 
method harvesting requires more wood workers, supervision, and support than the cut-length 
method harvesting but the cut-length method harvesting systems compared to the whole tree 
method harvesting have the high initial cost of investment, repair and maintenance of the 
machine’s complex computerized system (Adebayo, 2006). Therefore, in mechanized 
harvesting some studies reported cut-length method costs were lower than the whole tree 
harvesting costs and in contrast, some studies found the cut-length harvesting system more 
expensive than whole tree harvesting. 
In the cut-to-length system, the cost is dependent on DL for LLM and SLM showed that in 
small diameter LLM is more economical than SLM but in the biggest diameters no significant 
differences can be seen between LLM and SLM per one cubic meter.  
 As you can see in figure 4.4 the difference between minimum and maximum cost in LLM 
and SLM were significantly higher, which indicates that the diameter influences the cost of 
LLM and SLM is higher than that of TLM. With regard to this, we can suggest that in cases, 
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when the diameter of the felled tree is smaller than 40 cm, the most economical choice for the 
forest manager is the TLM, but as soon as the diameter of the felled tree exceeds 40 cm he 
can also choose LLM or SLM, depending on other influencing factors. The LeDoux and 
Huyler study (2001) reported that in cut-to-length system is unable to handle stems with a 
stump diameter larger than 22 inch.  
The cost depending on SD in cut-to-length systems showed that in shorter skidding 
distance that SLM is the better choice than LLM, but for longer skidding distances the LLM 
has to be preferred. The range of costs depending on skidding distances is significantly 
different in SLM (Fig 3.5). This leads to the suggestion that in short distances SLM is the best 
alternative, whilst for longer distances LLM or TLM are to be preferred. Figure 3.6 shows 
that the winching distance has no important influence on costs in all alternatives.  
Finally, this study result shows that the most economical alternative for Iranian forestry is 
TLM. Under the cut-to-length methods like LLM and SLM, the decision for the most 
economical alternative in Caspian forests depends on SD and DL.  
 
4.2. Residual damage  
Forest harvesting is an important factor on the environment. The long-term effect of 
residual stand damage on site productivity is still unclear. Therefore, Harvest techniques are 
desirable that (1) reduce the risk of stand damage and (2) are economically efficient (Fickli et 
al. 1997). Mechanized harvesting operation can have long lasting effect on residual in forest. 
Therefore, logging managers need to understand the capabilities of the harvesting machines 
and know how to reduce their amount of  the residual damage (Akay et al. 2006).  
The results of this study shows that most number of damaged trees were in TLM (34 
stems) and lowest damage was in mule (0.00). in regards to pre-harvesting intensity and area 
of winching operation most density of tree were in TLM (31 stems/1000 m²) and 21, 2 and 2  
stems/1000 m² in LLM, SLM and mule respectively. In general, residual damage is dependent 
on the density of residual and the production rate, residual damage will increase with the 
density of residual and production rate (Lotfalian, 2012). Therefore dependent on the density 
of standing residual the most unfriendly alternative to standing tree was SLM which damaged 
27.9% of the total of the standing trees and the best alternative was mule in the winching area. 
In the area alongside of the skidding trails the most number of damaged tree occurred in TLM 
(44 stems) and the lowest was in LLM (10 stems); according to the density of trees also the 
most damage occurred in TLM (16.73%) and the lowest was in LLM (3.13%).  Most of the 
number of wounds to the bole of every damaged tree was in SLM about 1.85 wound/to the 
bole one damaged tree in skidding operation and 2.46.wound/to the bole of one damaged tree 
in the winching area whilst the lowest number of wounds was in TLM about 1.6 wound per 
one damaged tree in the area alongside of skidding trail and 1.18 wound per damaged tree in 
the winching area. In total, by winching operation 18 % and by skidding operation 9.55% 
trees of operational area residual trees had been damaged. However, the results of the analysis 
of the significance is that it shows no significantly differences (p =0.071 and p=0.176)but the 
p-value shows that damage in the winching area more than the skidding area because the p- 
value is less than that of the winching p-value. The most unfriendly alternative to regeneration 
in winching and skidding operations was SLM with damaged 21% and 9% of the total 
seedlings, respectively; and best alternative was mule. Statistical analysis showed that the 
number of healthy regeneration in pre-harvesting and post- harvesting in both of operational 
treatment in the area alongside of the skidding trails and winching area (p- value 0.149 and 
0.081 respectively) is not significant but the p-value of the winching area is close to 0.05 that 
shows most regeneration damage occurred in the winching area. Therefore, in total logging 
operations residual damage (seedling and tree damage) in the winching are was more than that 
of skidding operations. It is similar to the results of other researchers who reported most 
damage was caused by winching operations such as Stanczykiewicz 2010; Mosavi 2008 
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Jakson et al (2002) that they reported damage to trees sustained along the kid trails was 
significantly less than the damage incurred along logging roads. Tavankar reported that 16.9% 
of regenerations were damaged by logging operations and 12.1% were damaged by winching 
operations (Tavankar et al, 2012). However, a few reports of Azzati and Najafi 2010; Behjou 
and Ghafarzade, 2012; Tavankar 2010 reported the area of skid trails was an important 
contributing factor to residual stand damage.  
In addition, 14.31%, 8.79, 18.19 and 0.00 of residual trees damaged and 9%, 11%, 16% 
and 4% of regeneration damaged by logging operation (in winching and skidding operation) 
in TLM, LLM, SLM and Mule. This range of residual damage is similar to results of Ficili et 
al. 1997; Naghdi et al. 2009; Nikooy et al. 2010; Tavankar et al. 2010, 2011, 2012 and 2013; 
Solgi and Najafi, 2007; Ezzati and Najafi 2010; their reported that the amount of damage was 
between 11.1% to 22% of the total of trees. In other words, the lowest damage reported by 
these researchers was 11.1% and the highest damage reported by these researchers was 22% 
of the total of trees. How much damage is too much? Researchers who have written that for 
the Forest Resources Association (formerly the American Pulpwood Association) believe that 
10% damage is a worthy goal and that damage exceeding 25% in any partial harvest operation 
is unacceptable in northeastern hardwood stands (Gillespie, W.H. 2001).  
The analysis of residual damage data showed mule is the best alternative and it is similar to 
the earlier  results of Gahffariyan at 2008 and 2009; Naghdi et al, 2009; Ficili et al 1997 
reported that only 7% of standing residual was damaged by mule and 22% was damaged by 
skidder. But in mechanized alternatives that were done by skidder, the best alternative was 
TLM and the worst Alternative was SLM in winching operations; in the area alongside of the 
skidding trail the best alternative was LLM and the most unfriendly alternative was TLM that 
is the only alternative that damages the area alongside more than the winching area, in 
additional, in all operational treatment areas (winching operation and skidding operation) 
SLM was the worst alternative and LLM was the best alternative to standing residual 
dependent on density (density of standing residual). On the other hand, residual damage 
shouldn’t be considered based only on the amount of residual damage and density but also 
consider the amount of residual damage relative to the amount of production rates. Some 
researchers such as Behjou and Ghafarzade. 2012; Jakson et al (2002); Reisinger and Pope 
1991; reported that the standing damage amount for every tree extracted. In this research one 
tree damaged to extraction 7.43 m³, 20.1 m³ and 18.48 m³ in skidding operation and for every 
damaged regeneration 1.45 m³, 0.84 m³, 3.25 m³ and 0.32 m³ in TLM, LLM, SLM and mule. 
Therefore, the most unfriendly alternative to environment is TLM and best alternative was 
LLM but in regard to damage to one regeneration due to the production rate the best 
alternative is SLM and the most unfriendly alternative is mule. Eroglu et al 2009 reported that 
timber harvesting techniques resulted in damage to residual trees, seedlings, and timber 
products, but the degree of damages caused by the harvesting techniques was significantly 
different. The highest level of damage was caused by manpower; they suggested that the 
damages caused by logging can be minimized by the use of proper timber harvesting 
techniques.  
Most of tree damage in TLM was deep (72%) whilst in LLM and SLM 20% and 30% of 
injuries were deep, respectively. In TLM and SLM severe damage was to the root but in LLM 
was to the tree’s bole in trees under 2 m, also, in Han Sup and Loren research the most severe 
damage occurred to the root and comparing other system scarring from this system 
significantly occurred in lower places on the bole. The majority of the damage about 73%, 
72% and 61.5% located on uproot stems under 2 meters in height (2˃ H) similar to other 
researchers report (Han and Kellogg. 2000; Behjou and Ghafarzade. 2012; Tavankar et al. 
2010; Tavankar et al, 2013; Jakson et al 2002), the lowest wound located on up to 2 a meter 
height ( 2 ˂ H) and 21%, 28% and 32.5% of wounds located on the root. 65%, 43%, 37.5% 
and 0.00% of seedling damage was severe in TLM, LLM, SLM and mule. The most damage 
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in the first height class of regeneration in winching area was in SLM (14%) and in the area 
alongside of the skidding trail was in LLM (19%); in the second height class on winching area 
was SLM (39%) and in the area alongside of the skidding trail was also in SLM (27%); in the 
third height class in the  winching area was in LLM (23%) and in skidding operations was the  
same for all alternative (7%). Therefore, in this regard the most unfriendly alternative to the 
environment is TLM and best alternative is mule.  
 
4.3. Soil damage  
Soil compaction can be characterized as a breakdown of surface aggregates, which leads to 
a decrease in macro pore space in the soil and a subsequent increase in the volume of soil 
relative to air space, leading to an increase in bulk density and soil resistance to penetration 
(Han, 2006). The results of this research showed that highest bulk density change occurred in 
TLM and  the lowest occurred in mules on the skidding trail but in mechanized alternatives 
(TLM, LLM and SLM) lowest soil compaction measured in LLM. Therefore, under the 
mechanized alternatives due to soil compaction the best alternative is LLM, but under all 
working alternatives the best one is the extraction by mules on skid trails.  Statistical analaysis 
and tests show that bulk density change for the skidding area on TLM, LLM and SLM were 
significantly (p < 0.05) increased compared to the control bulk density after skidding. In 
contrast, in mule system bulk density was not significantly different to control samples. With 
regards to the results of the statistical analays by ANOVA and Duncan the test results show 
that the best alternative dependent on soil compaction is the mule extraction, but concerning 
the  disturbance with 1.52 m
2
 per meter cubic wood it was the unfriedliest alternative to the 
environment. Results of the  mule alternative in this study are better than those of a recently 
published study from the North of Iran, in which Naghdi et al. (2009) reports that soil dry 
bulk density increased compared to control at 0-10 cm depth of the mule trail is higher than 
on the skidding trail, but in this study soil bulk densities changed insignificantly with mule 
hauling. In another study Ghaffaryian et al. (2009) reports that the soil area, disturbed by 
mule, was 5.72% of total harvesting area, and the soil compaction increased 14.14% with this 
alternative. also, Jourgholam and Majnounian (2010) shown that soil disturbance and soil 
compaction reduced by mule logging  and 4.3% of total area were disturbed and compacted 
by applying traditional hauling. Whereas, in this study the total area that was disturbed by 
mule was 0.002% of the total area and soil compaction was only 0.30% that is significantly 
lower than these reports. The important point in mule logging in Iran is that lumber wood and 
pulpwood are fastened by rope to the saddle thus wood hauling is the on saddle instead 
skidding on ground. Therefore, soil damage area by mule is only mule foot track. In this study 
the soil damage was measured only on the hauling way but in literature review studies 
measured more than the hauling way, the areas disturbed  by processing and landing were 
surveyed. Therefore, this study report is lower than other researchers. 
In skidding operations the soil bulk density has been increased by the skidder in TLM to 
51%, which is more than with the methods LLM and SLM though in TLM there was lowest 
skidder traveling (30 turns) compared to LLM and SLM. The lowest soil compaction occurred 
in LLM, but the disturbed area with LLM was more than 33 m
2
/m
3 
the highest impact. In 
contrast, in the winching area maximum soil compaction occured in SLM and LLM 29% and 
21% respectivity, and minimum soil compaction occurred in TLM winching area about 5 % 
but the maximum soil disturbance occurred also in TLM in that winching one cubic meter 
1.35 m
2
 of total area disturbed. Jakson et al (2002)  estimated that by primary logging 
disturbed between 1 and 3% of the ground area was disturbed.  
Due to extraction of one tree in TLM only one winching operation is done instead in SLM 
and LLM operation to extract one tree done several winching operstions are done. In this 
regard, soil compaction in the winching area is dependent on the harvesting alternative and 
machine passes. But on skidding trails machine passes have no affect on soil compaction. 
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Therefore, the results of researchers (such as Gent, and 1984; Soltanpour and Jourgholami. 
2013; Jourgholami and Majnounian. 2011; Najafi et al. 2009; Agherkakli et al. 2010; Naghdi 
et al. 2007; Lotfalian and Parsakho. 2009; Akay et al. 2007; Williamson and Neilson. 2000; 
Rollerson. 1990; ) who  reported that most compaction occurred after the initial few passes 
acceptable by the result of this research. the range of initial passes reported by these 
researchers were between 3 to 21 passes.  Some researchers such as Lopes et al. (2006) 
reported that only two travels of the wheeled-clambunk skidder caused soil compaction 
 In this study soil compaction and the disturbance area on skidding trails were higher than 
in winching areas. This experience seems similar to Tavankar et al (2009). In the skidding 
area, bulk density changes in TLM were greater than LLM and SLM, Mace (1971) reports 
that compaction with whole trees is higher than with tree length systems. But Han (2006) 
reports that soil compaction in TLM is greater than in whole tree system (WT). On avarage in 
TLM 10.23 m
3
 wood is extracted in every skidding trip. Wilpert and Schaffer (2006) believe 
that tracking with heavy loaded machines severely reduces the soil aeration by compacting the 
soil and in consequence the ability of the soil decreases to serve as a rooting space. 
Therefore, soil compaction on the skidding trails depends on the total extracted wood and 
heavy loaded instead of logging alternatives. 
A few studies from Najafi et al. 2009 and Agherkakli et al. 2010 document that the slope 
gradient of trail has an effect on the extent and degree of soil compaction and disturbance.  
Jourgholami and Majnounian (2011), too, report that uphill skidding increases compaction 
compared with downhill skidding. But in this study nor a General Linear Model nor the 
Pearson test show that there is any significant correlation between soil bulk density and slope 
gradient. Whilst a significant (p ˂ 0.05) negative correlation can be proved between soil 
compaction and soil moisture content that was similar to the report of Najafi et al (2009), they 
report that there is a negative correlation between water content and skid trail slope and where 
steepness has a strong effect on the soil compaction Therefore, by this report the lowest 
compaction occurs in higher soil moisture content with a small slope gradient. While Han 
(2006) reports that at high soil moisture levels (25 - 30%) both CTL and WT harvestings 
caused a significant increase in soil compaction and Williamson and Neilson (2000) report 
that soils in dry forests resist against compaction more than soils in wet forests, table . shows 
that on skidding trails the most soil compaction occurs. TLM with 12.53 % soil mositure 
content (lowest) has the highest soil compaction (51%) while LLM with 18.36 % (highest) 
soil moisture content with 29% had the lowest increment of soil compaction. Finally, the 
results of this research indicate that with highest amount of wood for every skidding traveling 
on lower soil moisture content occurred the highest compaction on skidding trails and high 
traffic due to most soil compaction on winching area. In conclusion, the results of this study 
show that on skidding trails soil compaction was not related to the logging method but on the 
winching area soil damage was related to logging method and the best was TLM. 
If we look for the best harvesting alternative only depending on soil damage to Iranian 
forestry, of course, the best alternative is mule, but the mule method itself without additional 
machine skidding does not work for this forest area. Therefore, used results of MA test, TLM 
and LLM prefered by using MA test. 
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5. CONCLUSIONS 
The most important part of harvesting operation is the logging operation. Therefore, with 
regard to the logging method we could suggest suitable harvesting methods for Iranian forest 
condition. Up to now, this study is the first study that compared four logging methods in Iran. 
Depending on economical and the ecological impact, forest managers who pay high attention 
to the winching areas can apply TLM method for trees, whose diameters are less than 40 cm, 
if a tree’s diameter is bigger than 40 cm managers should apply LLM absolutely in longer 
skidding distance but for trees with the biggest diameter in short skidding distances should 
apply SLM in Hyrcanian mixed forest. Mule logging can be used as supplemental alternative 
to the skidder when the skid trail is not available for skidders or tractors, for example in steep 
terrain where skidder cannot be used, if the cut volume is not too high for the animals.  
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